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Information for Contributors 


BBA — Aims and Scope 


Biochimica et Biophysica Acta publishes papers reporting 
advances in the knowledge or understanding of any field of 
biochemistry or biophysics. More than forty volumes are pub- 
lished each year, each section featuring the latest scientific 
developments in its field of interest. BBA publishes Regular 
papers, Rapid reports, and Short sequence-papers and Promoter 
papers which contribute new and significant information to the 
fields of biochemistry and biophysics. Negative results will be 
accepted only when they can be considered to advance this 
knowledge significantly. Papers providing only confirmatory evi- 
dence or extending observations firmly established in one species 
to another will not normally be accepted. The journal is divided 
into ten specialized sections: 


Bioenergetics covers the area of biological energy transfer 
and conversion, focusing on the kinetics and thermodynamics of 
molecular mechanisms involved in photosynthesis, mitochondrial 
and bacterial respiration, oxidative phosphorylation, motility and 
transport, as well as the underlying molecular structures. This 
section also includes Reviews on Bioenergetics. 


Biomembranes has its main focus on membrane structure, 
function and biomolecular organization, membrane proteins, re- 
ceptors, channels and anchors, fluidity and composition, model 
membranes and liposomes, membrane surface studies and ligand 
interactions, transport studies, and membrane dynamics. 


Gene Structure and Expression covers DNA and RNA 
structure, DNA replication and expression, damage and repair, 
transcription mechanisms and factors, translation, RNA process- 
ing, control of gene expression, cell-cycle control, gene rear- 
rangements and recombination, nucleic acid — ligand interactions, 
DNA-modifying enzymes, viral systems and molecular genetics. 
This section also includes Short sequence-papers describing DNA 
and RNA sequences for protein coding, regulatory or structural 
elements, and promoter papers describing sequence and func- 
tional analysis of promoter and enhancer regions. Short 
sequence-papers are also published in other sections of BBA 
when this is more appropriate. 


General Subjects includes a wide diversity of papers and 
provides a vehicle for publication of novel and challenging 


subjects in developing areas of research not yet established, as 
well as completing BBA’s coverage of other important areas of 
biochemistry (glycobiology and novel compounds) and _bio- 
physics for which no specialized section exists. 


Lipids and Lipid Metabolism covers the novel aspects of 
lipid biosynthesis and metabolism, including protein lipid an- 
chors, in all organisms. Emphasis is given to the enzymology and 
molecular biology of the enzymes involved in lipid metabolism. 
In addition, molecular genetics of the genes involved will be 
emphasized in the future. 

Subsection: Lipids in Signalling and Recognition: concen- 
trates on all biochemical and biophysical aspects of lipids and 
lipid-derived messenger molecules, including their structure, 
physicochemical properties and transport, regulation and enzy- 
mology of their biosynthesis and metabolic inactivation, and the 
recognition processes underlying their biological activities. 


Molecular Cell Research focuses on cellular processes at the 
molecular level. These include aspects of intracellular trafficking, 
regulation of the secretory and endocytic pathways, sorting and 
targetting, organisation and dynamics of of cytoskeletal struc- 
tures, cellular interactions, cell cycle regulation, cell /tissue dif- 
ferentiation and cellular enzymology. Also included are studies at 
the interface between Cell Biology and Biophysics which apply 
for example novel imaging methods for characterizing cellular 
processes. Excluded, however, are studies describing purely cel- 
lular or pharmacological aspects. 

Subsection: Signal Transduction primarily focuses on hor- 
mone and neurotransmitter action, receptor structure and regula- 
tion, transmembrane signalling systems, second messengers, pro- 
tein phosphorylation, and calcium in signal transduction. 


Protein Structure and Molecular Enzymology covers pro- 
tein structure, conformation and dynamics, protein-ligand interac- 
tions, enzyme mechanisms, models and kinetics, physical proper- 
ties and spectroscopy. Manuscripts, the principal purpose of 
which is to describe the purification of a protein, are considered 
outside the scope of BBA. Concise and comprehensive reviews of 
recent developments are considered for publication. However, 
authors are strongly advised to consult with one of the Executive 
Editors before starting a review. 
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Molecular Basis of Disease addresses the biochemistry and 
molecular genetics of disease processes and their models. The 
section covers metabolic, membrane, receptor and immunological 
disorders as well as viral, bacterial and parasitological disorders, 
and includes the biochemistry of differentiation disorders, tissue 
damage and aging. 


Reviews on Cancer and Reviews on Cancer Online (ROCO) 
are devoted to the rapid publication of critical views of leading 
investigators, who are invited to write on subjects of high current 
interest in cancer research. The current scope of this journal is the 
cell biology, genetics, and biochemistry of cancer, as well as the 
relationship of immunobiology to the disease. Four forms of 
reporting now comprise ROCO: Mini-Reviews focusing on top- 
ics in highly active segments of the field; Opinion Corner, a 
section devoted to the opinions of experts on newly evolving 
and /or controversial areas of special interest; Meeting Reports, a 
section devoted to focused reporting on scientific meetings of 
special interest; and Oncology Corner, a section devoted to 
analyses of new and interesting trends in translational research. 
ROCO is aimed at a diverse audience of scientists and clinical 
investigators who need to know what is new and important in this 
rapidly changing field of science. 





Reviews on Cancer Online available 

on the World Wide Web at: 

http: // www.elsevier.nl / locate / roco or 
http: // www.elsevier.com / locate / roco 











Reviews on Biomembranes publishes. cutting-edge reviews 
of new developments in the field of biomembranes. 


BBA Reviews. BBA also publishes Reviews that present a 
concise yet comprehensive overview of recent developments in 
the field of interest in any other section. Reviews are usually 
submitted on invitation. 


Submission of manuscripts 


A submission letter should always accompany the submitted 
paper, providing the following information: 
(a) The full name and address of the corresponding author 
(including telephone and fax numbers, and e-mail address). 
(b) Any known changes of address within a period of six months 
after submission of the paper. 
(c) The type of paper (Regular paper, Rapid report, Short se- 
quence /Promoter paper or Review) and possibly a preferred 
section of the journal for eventual publication. 
(d) The full title of the submitted paper. 
(e) The names and addresses of at least three suitable potential 
reviewers (including telephone and fax numbers, and e-mail 
address). If there are compelling reasons for excluding some 
individuals as potential reviewers, these can be mentioned. How- 
ever, choice of reviewers is at the editors’ discretion. 


Four copies are required of all material submitted, including 
the submission letter. 

All figures should be provided in quadruplicate and all four 
sets of figures should be labelled. 

Copies of relevant papers that are submitted elsewhere or ‘in 
press’, should be provided. 


Manuscripts for publication in BBA should be mailed to one of 
the Executive Editors via one of the receiving offices. [Four 
copies of the hard-copy printout plus the electronic file of the 
manuscript. ] 


Editorial Secretariat 

Biochimica et Biophysica Acta 

P.O. Box 1345, 1000 BH Amsterdam 
Molenwerf 1, 1014 AG Amsterdam 
The Netherlands 

Fax: +31 (20) 4853506 

E-mail: bba @elsevier.nl 


Biochimica et Biophysica Acta 
Elsevier Science Inc. 

275 Washington Street 

Newton, MA 02158 

USA 

Fax: (617) 630 2245 

E-mail: bba.elsevier @ cahners.com 


The Executive Editors are responsible for processing and profes- 
sional review of the manuscripts. Authors are free in their choice 
of an editorial office, irrespective of their country of residence, 
for submission of Regular papers and Rapid reports. Short se- 
quence-papers and Promoter papers must always be mailed to the 
BBA Editorial Secretariat in The Netherlands. 


All materials submitted become the property of BBA. While 
manuscripts and figure copies of refused manuscripts will be 
returned to the authors whenever possible, this cannot be guaran- 
teed. 

Submission of a manuscript implies that the work described 
has not been published before (except in the form of an abstract 
or as part of a published lecture or academic thesis), that it is not 
under consideration for publication elsewhere, that its publication 
has been approved by all the authors and tacitly or explicitly by 
the responsible authorities in the laboratories where the work was 
carried out and that, if accepted, it will not be published else- 
where in the same form, in either the same or another language, 
without the consent of the editors and the publisher. Reference 
should be made to previously published abstracts, etc. in the 
introductory section. Responsibility for the accuracy of the mate- 
rial in the manuscript, including bibliographic citations, lies 
entirely with the authors. 














Ethics 

When conducting scientific research using human tissue and 
which is intended for publication in BBA, authors should follow 
procedures that are in accordance with the ethical standards as 
formulated in the Helsinki Declaration of 1975 (revised in 1983). 
When conducting experiments on animals, authors should follow 
the institution’s or the National Research Council’s guide for the 
care and use of laboratory animals. 


Revisions and publication dates 

Papers requiring revision and/or condensation will be re- 
turned to the authors by the Executive Editors, specifying the 
requested alterations and including the (anonymous) referee re- 
ports. 

Authors are requested to resubmit the revised paper within 6 
months. Papers not resubmitted within six months will be treated 
as new submissions. 


Proofreading 

Authors of Regular papers and Reviews will receive proofs. 
Since acceptance is based upon the submitted version of the 
paper, it is essential that no new material be inserted in the text at 
the time of proofreading; furthermore, no alteration to style or 
meaning will be permitted at this stage. Any new material that 
the authors wish to introduce for reasons of scientific accuracy 
will be checked by the Executive Editors, and a charge may be 
made for corrections. Authors are encouraged to return their 
proofs by fax. Proofs of Rapid reports (including Short 
sequence-papers and Promoter papers) may be faxed to authors 
upon request, where issue scheduling permits: corrections must 
then be faxed or telephoned to the Publisher within 48 hours of 
receipt. If no fax number is provided for Rapid reports, proofs 
will not be sent. 


No page charges; 50 offprints free of charge 


Fifty offprints are provided free of charge to the corre- 
sponding author of each article. There are no page charges 
for BBA. An offprint order form, price list and copyright 
transfer form are sent upon receipt of the manuscript at the 
Publisher so that extra offprints may be ordered. It is also 
essential that copyright be transferred at this stage. 


Publication 


For information concerning your accepted manuscript, proof, 
etc., please contact the Issue Manager at Elsevier Science B.V. 
Fax +31 20 485 2775; Tel. +31 20 485 3425. Postal address: 
P.O. Box 2759, 1000 BM Amsterdam, The Netherlands. Courier 
address: Sara Burgerhartstraat 25, 1055 KV Amsterdam, The 
Netherlands. Always quote *BBA’ and the article number. 


Electronic publishing 
Authors are required to submit electronic manuscripts. Type- 


setting from computer files has several advantages, not the least 
of which is the avoidance of re-keying errors in the article. 


The following points should be taken into account in prepar- 
ing electronic manuscripts: 


1. Files produced by most commercial wordprocessing software 
packages (but preferably WordPerfect) can be used directly by 
the publisher. Save your files as usual on a floppy disk (the 
preferred storage medium is a 5.25- or a 3.5-inch disk in the 
MS-DOS (or compatible) system). Apple Macintosh or NEC is 
also suitable; if you use NEC, please submit your article on a 
double density or high density 5.25 inch disk or double density 
3.5 inch disk (not a high density 3.5 inch disk). For other systems 
please contact the BBA Editorial Secretariat first. Please do not 
save your text as ASCII or similar: this will cause all special 
formatting codes to be lost. 

2. Authors should not use (or allow their word processor to 
introduce) any hyphenation or word splits and they should not 
use a ‘justified’ layout. 

3. Authors should ensure that the digit ‘1’ and the letter ‘I’ (also 
the digit ‘0’ (zero) and the capital letter ‘O’) have been used 
properly. The letter X and the ‘times’ sign, the apostrophe and 
the prime, and the hyphen and dash (for minus, etc.) represent 
further sources of confusion. 

4. If the word processor or printer has any special characters, 
e.g., 4, h, 6, WO, Greek letters and mathematical symbols, they 
should be used consistently throughout the text. 

5. Non-reproducible characters should not be left as blank spaces 
in the file, but should be replaced by characters or codes not used 
elsewhere, and should be used consistently, e.g., sigma, cap for 
&, and sigma, l.c. for o. A list of such characters (codes) and a 
lexicon of what they actually represent should be added as a 
separate file on the disk. 

6. All instructions given on style and arrangement of Regular 
papers should also be followed when preparing electronic 
manuscripts. This is especially important for the References 
section. Consistency in all operations is of vital importance in the 
preparation of articles. Facilities for ‘automatic’ numbering of 
references and footnotes must not be used. 

7. In any case of doubt, authors are welcome to contact the 
publisher before keying in an article. 


The following points should be taken into account in submit- 
ting electronic manuscripts: 


1. The file must contain the final corrected version of the article 
and must match exactly the accompanying hard-copy printout — 
the final (revised) manuscript. 

2. The output from specific desk-top publishing (DTP) equipment 
includes a considerable amount of coding which will interfere 
with normal file processing. Such DTP output should therefore be 
avoided. 

3. Four copies are required of the hard-copy printout. 

4. Figures and tables are also handled electronically. 

5. The disk should be labelled with: 

the name of the author who will receive the proofs 

the manuscript reference number (when known) 


— the soft- and hardware used 

— the names of the files. 

6. The disk and the four copies of the hard-copy printout 
should be accompanied by a submission letter (see above). 

7. Any revised version of a manuscript should be accompa- 
nied by a new set of figures and a disk containing the final 
revised version of the paper. 


BBA’s publications 


BBA publishes English-language papers only. Papers may be 
written in either American or British English, provided that the 
preferred spelling is used consistently throughout. 

Many readers of the journal are not native speakers of En- 
glish. It is therefore important to write succinctly and clearly, 
using short, simple sentences and avoiding long adjectival phrases 
and laboratory jargon. The following types of paper are pub- 
lished: 


Regular papers 

A Regular paper is the normal medium of publication. Al- 
though there is no fixed length, Regular papers should be as 
concise as possible, while providing sufficient information for the 
work to be repeated and for the claims of the authors to be 
judged by the readers. 


Rapid reports 

Rapid reports should meet the following conditions: 
(1) encompass a complete piece of work of special significance 
and timeliness; 
(2) be concise and not normally exceeding 4 printed pages (i.e., 
up to 12 pages of double spaced typescript, including tables and 
figures up to a total number of 4); 
(3) comprise no separate sections, except for a summary and the 
reference list. 

Authors should note that: 
(a) Submission of a rapid report should be accompanied by a 
letter briefly describing why the author believes his paper to be 
deserving of rapid publication. Failure to provide this information 
can lead to delays in the manuscript handling. 
(b) Proofs are not normally sent unless specifically requested. In 
this case a fax number must be given to enable turnaround of 
corrected proofs in 48 h. 
(c) Rapid reports will be added to the beginning of issues 
currently in production. 
(d) An accepted Rapid report will generally be published within 8 
weeks of the date of receipt at the Publisher’s office, depending 
on issue scheduling. 


Short sequence / Promoter papers 

These are published in the “Gene Structure and Expression’ 
section, and conform in style and format to BBA Rapid reports. 
Short sequence-papers should include a comparison of related 
sequences, a description of salient features of the sequence and 
significant data on expression of the genes described. Papers 


presenting sequences presumably coding for a protein must be 
accompanied by sufficient evidence, e.g., expression data, that 
the gene indeed codes for such a protein. If the paper only 
confirms in one organism what is already known for several other 
species, it will not be considered eligible for publication in BBA. 

Promoter papers include data on promoter or enhancer se- 
quences or other regulatory regions required for gene expression. 
In addition to the sequence itself, these papers should include 
novel information on the transcription start site and functional 
studies, e.g., using reporter genes. Such studies could entail a 
deletion analysis or otherwise establish functional regions in the 
promoter that act either positively or negatively. In addition, 
information on the recognition of these functional regions by 
transcription factors could be included, e.g., using band shifts or 
footprints. 

Manuscripts should be marked ‘Short Sequence /Promoter 
paper’ and the accompanying submission letter should state 
explicitly that a Short sequence /Promoter paper is being submit- 
ted. They are handled as Rapid reports, but must be submitted to 
the Amsterdam address. 

Sequences should be deposited in one of the usual data banks 
before submission. Accession numbers should be mentioned in 
the submission letter and in a footnote to the Short sequence / 
Promoter paper. If an author does not want merely to refer to a 
sequence by its accession number, the sequence should be pre- 
sented as a figure. 


Reviews 

BBA reviews are published in the independent sections Re- 
views on Cancer and Reviews on Biomembranes, and in all other 
sections of the journal. They are contributed by scientists who are 
leading specialists in their field of expertise, normally at the 
invitation of the Executive Editors. Authors wishing to contribute 
a review paper are advised first to contact one of the responsible 
Executive Editors (listed in the issues of BBA) to avoid overlap 
with Reviews already commissioned. 


Preparation of papers 


Authors should consult a recent issue of the journal to make 
themselves familiar with the conventions and layout of articles. 

The entire text, including figure and table legends and the 
reference list, should be typed (or printed out) with double or 
triple spacing on one side of the paper, leaving a left margin of 
approx. 3 cm. All pages should be numbered consecutively, 
starting with the title page of the manuscript. Every new para- 
graph should be clearly indented. Handwritten characters should 
be clearly defined in the margin. Expressions of Latin origin, for 
example, in vivo, in vitro, et al., per se, should be typed in 
normal typeface. They should be neither italicized nor under- 
lined. 

Equations should be numbered in the right margin as follows: 


A+B—>C+D (1) 











Title page 

The title should be concise, descriptive and informative. The 
names of the authors should be followed by their addresses and 
indicated by corresponding letters. Changes in address should be 
indicated by footnotes. The author(s) to whom correspondence 
and proofs should be sent should be indicated, giving a full 
address (including fax number and e-mail address). 

Authors are requested to select a maximum of six key words 
and to present them on the title page of the typescript. These key 
words will be used in the compilation of the annual cumulative 
index. They should cover precisely the contents of the submitted 
paper and should give readers sufficient information as to the 
relevance of the paper to his /her particular field. 


Summary 

The second page of the typescript should be reserved for the 
Summary. This should be self-explanatory and intelligible with- 
out reference to the body of the paper. 

A Regular paper should have a Summary of 100—200 words; 
Rapid reports and Short sequence-papers should have summaries 
of approximately 50 words. 

Since summaries are increasingly used by abstracting services 
which will cut off after a fixed number of words, it is important 
not to exceed the maximum number of words and to avoid 
bibliographic references and non-standard abbreviations. 


Regular papers 


After the Summary, Regular papers are usually divided into 
the sections Introduction, Materials and methods, Results, Dis- 
cussion and Acknowledgements. 


Introduction 

This is a short section in which the authors should state the 
reasons for performing the work, with brief reference to relevant 
previous work. 


Materials and methods, Results, Discussion 

The section Materials and methods should be detailed enough 
for readers to reproduce the experiments. Authors should always 
refer to other work on the same subject, indicating whether or not 
their experimental results are in agreement with previous work. 
Conclusions drawn from experiments described in the tables or 
figures can often appear most conveniently in the Results section. 
The overall conclusions based on the work reported should be 
given in the Discussion. In shorter papers the Results and Discus- 
sion sections may be combined. 


Acknowledgements 
Acknowledgements should be presented at the end of the 
main text in a separate section. 


Rapid reports, Short sequence- and Promoter papers 


These types of paper are not divided into sections after the 
summary, except for the reference list. The first paragraph serves 





as an introduction; acknowledgements are added as a final para- 
graph before the reference list. 


References and citations 

The numerical system of references should be used. Refer- 
ences in the text should be cited by numbers in square brackets in 
the order of their citation. 

References are listed together in their order of appearance in a 
separate section at the end of the text under the heading Refer- 
ences. All references should be numbered consecutively. Refer- 
ences to journals should contain initials and names of all authors, 
article title, abbreviation of the name of the journal according to 
the List of Serial Title Word Abbreviations (International Serials 
Data System, 20, rue Bachaumont, 75002 Paris, France. ISBN 
2-904938-02-8), volume number, year of publication (between 
brackets), and page numbers. References to books should also 
include the title (of series and volumes), initials and names of the 
editor(s), the publisher and place of publication. 


Examples 

[1] M. Wikstrém, J.E. Morgan, M.I. Verkhovshy, Proton and 
electrical charge translocation by cytochrome-c oxidase, 
Biochim. Biophys. Acta 1318 (1997) 299-306. 

[2] E.C. Slater, Biochimica et Biophysica Acta: The Story of a 
Biochemical Journal, Elsevier Science Publishers, Amster- 
dam, 1986. 

[3] D.E. Vance, Glycerolipid biosynthesis in eukaryotes, in: D.E. 
Vance, J.E. Vance (Eds.), New Comprehensive Biochemistry, 
vol. 31, Biochemistry of Lipids, Lipoproteins and Mem- 
branes, Elsevier Science B.V., Amsterdam, 1996, pp. 153- 
181. 


Reference to a paper as ‘in press’ implies that it has been 
accepted for publication. Evidence (e.g., a photocopy of the note 
of acceptance from the journal concerned) should accompany the 
submitted typescript. Papers that are ‘in press’ should be included 
as a number in the text. Other papers submitted before or 
simultaneously with the paper in question should be included as a 
number in the text and in the References section, stating the name 
of the journal. Copies of papers that are submitted elsewhere 
should be provided for inspection by the Editors. Omission of 
this information will delay publication and may lead to redating 
of a submitted manuscript. Papers presented at scientific meetings 
that are not available in published form should not be cited as 
references in the References section. 

Unpublished results should not be listed in the References 
section. In the text they are mentioned as follows: ‘(M.V. Ter- 
voort and J. Glimcher, unpublished data)’. When unpublished 
results are cited, the data should be provided for the Editors’ 
information when essential for proper evaluation, or if requested. 

A personal communication should be mentioned in the text as 
follows: ‘(M.V. Tervoort, personal communication)’. Authors 
should not make unauthorized use of personal communications. 
Personal communications are not to be included in the Refer- 


ences section. 





Tables 

Tables should be used sparingly; they should be used only 
when the data cannot be presented clearly in the text. Authors are 
requested to consult recent issues of BBA for the proper table 


layout. 

Each table, including its legend, should be typed on a separate 
page. The heading of the table should make its general meaning 
understandable without reference to the text. 


Figures and illustrations 

Figures should be used to illustrate experimental results 
clearly. As figures are often reduced to a one-column width, 
authors should bear in mind the size of BBA’s printed page and 
they should ensure that symbols, lettering and lines are suffi- 
ciently large and clear to be legible after reduction. (Column 
width is 8.4 cm, preferred figure size is approximately double 
this). 

Legends should be collated and typed with double or triple 
spacing on a separate sheet. A legend should consist of an 
Opening sentence constituting a brief title (without extra capital- 
ization), followed by a brief description of the figure. 

All figures should be in a form suitable for reproduction, e.g., 
drawn in black, on waterproof drawing or tracing paper, or as 


sharp, glossy prints. Each figure should bear the figure number, 
the name of the corresponding author and the (shortened) title of 
the paper on the reverse side. Figures should never be folded and 
they should never be mounted on heavy card. Continuous or 
half-tone figures should have their labelling supplied as an 
overlay, or be supplied in duplicate. 

The size of symbols in relation to lettering should be chosen 
carefully. 

Photographs of gels, micrographs, etc., should be glossy and 
as rich in contrast as possible. For photographs of electrophoretic 
patterns and electron micrographs four high-quality prints must 
be provided. If the content of a photograph is likely to suffer as a 
result of reduction, it should be provided in a size that will fit 
within BBA’s format without reduction (preferred size is 8.4 
cm X11 cm). In the case of electron micrographs, unit length 
must be indicated on the figure by a labelled bar. 

When essential to the understanding of a paper, figures may 
be reproduced in colour, at the author’s own expense. The price 
of a single printed full-colour page is Dfl. 750.00, exclusive of 
sales tax. Two, three or four full-colour pages in combination 
will cost Dfl. 500.00 per additional page excluding sales tax. 
Authors should take into consideration that colour illustrations 
reproduced from a slide provide a better-quality, clearer result 
than those reproduced from a photograph. 














BIOCHIMICA ET BIOPHYSICA ACTA 


BB} 











, | Be, 


ELSEVI 





ER Biochimica et Biophysica Acta 1330 (1997) 1-7 





Inhibition of annexin V-dependent Ca** movement in large unilamellar 
vesicles by K201, a new 1,4-benzothiazepine derivative 


Noboru Kaneko **, Ryuko Matsuda ”, Masashi Toda ”, Ken Shimamoto * 


“ Department of Cardiology, The Heart Institute of Japan, Tokyo Women’s Medical College, 8-1 Kawada-cho, Shinjuku-ku, Tokyo 162, 
Japan 
' : ae 
> Department of Anatomy, Tokyo Women’s Medical College, 8-1 Kawada-cho, Shinjuku-ku, Tokyo 162, Japan 


Received 20 January 1997; revised 20 May 1997; accepted 26 May 1997 





Abstract 


Examination was made of the effect of annexin V on Ca** movement into large unilamellar vesicles (LUV) using fura-2, 
a calcium-sensitive fluorescent dye. To avoid the possible difficulties relating to the addition of annexin V and/or Ca** in 
fura-2-loaded LUV, the burst method was used. LUV, preincubated with rat annexin V in the presence of Ca**, were 
collected by centrifugation and resuspended, and then burst with Triton X-100 in the presence of fura-2. Inward Ca** 
movement across the artificial lipid membrane was measured by determination of fura-2 fluorescence due to the leaked 
Ca** from ruptured LUV. The observed Ca** signal increased dependent on annexin V and Ca** concentrations, whereas 
bovine serum albumin did not affect this signal up to 1 ~M. Thus, annexin V shows Ca’** channel activity in LUV. K201, a 
novel 1,4-benzothiazepine, inhibited inward Ca** movement into LUV caused by annexin V in a dose-dependent manner. 
In the presence of 50 nM annexin V and 400 wM Ca?*, 3 wM K201 showed significant inhibition of Ca** movement due 
to annexin V, and 50% inhibition was achieved at 254.M K201. On the other hand, diltiazem had no such effect even at 30 
wM. K201 is thus shown to have inhibitory activity on inward Ca** movement due to annexin V in artificial vesicles and 
may prove useful as a probe for elucidating the functions of annexin V in vivo. © 1997 Elsevier Science B.V. 


. 9 . . 
Keywords: K201; Annexin V; Ca~* movement; Large unilamellar vesicle; Fura-2 





1. Introduction channel activity by the patch clamp method [6], and 


its molecular structure as an ion channel model has 





Annexin V is a member of the annexin family 
which binds to phospholipid and actin, in a Ca**-de- 
pendent manner [1,2]. This protein has been sug- 
gested to have such actions as anticoagulant activity 
[3], anti-inflammatory activity [4] and inhibition of 
protein kinase C [5] in vitro. 

Annexin V has been found to express calcium 


; Corresponding author. Fax: + 81-3-33560441. 


been proposed based on the crystal structure [7]. The 
biological roles of annexin V have yet to be fully 
determined in vivo, but if a low molecular weight 
compound that binds to annexin V and inhibits its 
function can be made available, considerable clarifi- 
cation in this regard should be possible. 

A novel 1,4-benzothiazepine derivative, 4-[3-{1- 
(4-benzyl) piperidinyl} propionyl]-7-methoxy- 
2,3,4,5-tetrahydro-1,4-benzothiazepine, K201 (Fig. 
1), has been found to have potential for preventing 
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4-[3-|1-(4-benzyl)piperidiny||propiony!]-7-methoxy-2,3,4,5- 
tetrahydro-1,4-benzothiazepine 


Fig. 1. Chemical structure of K201. 


cardiac cell damage due to calcium overload [8]. It 
was also found capable of protecting the myocardium 
from damage induced by six hour ischemia using a 
rat Langendorff model [9]. On the other hand, K201 
exhibited an inhibitory effect on binding of cardiac 
annexin V with actin in a Ca**-dependent manner [8] 
and was demonstrated to bind to annexin V by X-ray 
crystallography (unpublished observation, submitted 
for publication). 

In order to clarify the calcium ion channel activity 
of annexin V, the present study was conducted to 
examine the inhibitory effect of K201 on inward 
Ca** movement across large unilamellar vesicles 
(LUV) due to annexin V using fura-2 [10], a Ca**- 
dependent fluorescent agent. The effect of K201 was 
also compared with that of diltiazem [11], a 1,5-ben- 
zothiazepine derivative. For this purpose, the burst 
method was employed to measure the amount of 
influxed Ca** in the collected LUV after preincuba- 
tion with annexin V and Ca’*, to avoid possible 
difficulties such as LUV disintegration caused by 
annexin V and/or Ca?*. 


2. Materials and methods 
2.1. Purification of annexin V 


As in our previous study [12], annexin V was 
purified from the hearts of 50 mature male Wistar 
strain rats using a Sephacryl S-300 (Pharmacia, Upp- 
sala, Sweden) column (3.3 X55 cm), and then a 
DEAE Bio-Gel Agarose (Bio Rad Laboratories, Rich- 
mond, CA, USA) column (1.0 X 10 cm). Identifica- 
tion of annexin V was made by partial amino acid 
sequencing. Quantitative protein analysis was con- 
ducted according to the modified method of Lowry et 


al., using bovine serum albumin (BSA) as a standard 
protein [13]. 


2.2. Preparation of LUV 


LUV were prepared by the procedure of Reeves 
and Dowben [14], with modification and by that of 
Berendes et al. [15]. Briefly, a solution of phos- 
phatidylserine and phosphatidylethanolamine (w/w 
9:1) dissolved in methanol /chloroform (v/v 1:2) to 
a total volume of 1115 jl was poured into a round 
bottom flask. Treatment of the mixture with a rotary 
evaporator (Tokyo-Rikakikai, type N-1N, Tokyo) led 
to the formation of a dehydrated film under N, gas. 
This film, comprised of lipids, was further dehy- 
drated for 30 min by the evaporator under water- 
saturated nitrogen. After gently pouring 2 ml buffer 
A [180 »#M EGTA, 162 mM sucrose, 10 mM HEPES, 
pH 7.4 (tetramethylammonium hydroxide; TMA)] into 
the flask, the lipid film was saturated with nitrogen 
gas and the flask was sealed with a rubber cap and 
left to stand at 37°C for 2 h to produce LUV. The 
multilamellar vesicles were removed by centrifuga- 
tion. The LUV solution was centrifuged in a Beck- 
man Avanti 30 compact centrifuge at 12 000 X g for 
10 min at 4°C. To the sediment containing LUV, 
dilution buffer B [180 ~#M EGTA, 160 mM sucrose, 
10 mM HEPES, pH 7.4 (TMA)] was added to adjust 
the total volume to 100 wl. This procedure was 
performed twice, and the suspension of LUV (200 
1) was used to perform at least twenty experiments. 
The total lipid concentration of liposomes was esti- 
mated as inorganic phosphate by phosphate analysis 
[16]. 


2.3. Burst method 


The burst method was used to examine inward 
Ca** movement into LUV due to annexin V. To 442 
wl dilution buffer B containing ca. 0-450 wM Ca’*, 
a suspension containing LUV (8 wl) and annexin V 
ca. 0-100 nM (50 wl) were added, followed by 
preincubation at 26°C for 10 min. After adding 400 
1M EGTA, the solution was centrifuged at 4°C for 
10 min at 7000 X g to collect LUV. The collected 
LUV were suspended in buffer B solution (480 wl) 
containing | wM fura-2. After incubation in a cuvette 











Burst Method 
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Fig. 2. Burst method: (1) LUV were added to buffer solution 
containing Ca** and then annexin V with or without reagent was 
added. Concentration of phospholipid in LUV suspension was 20 
mM. The final amount of phospholipid used in each experiment 
was 0.125 mol cell” '. (2) Incubation was conducted at 26°C for 
10 min. LUV were recollected by centrifugation following the 
addition of 400 ~4M EGTA. (3) Resuspended LUV were burst by 
addition of 0.2% Triton X-100 in 1 wM fura-2 solution. 


at 37°C for | min, a burst was made with 0.2% Triton 
X-100 (10% w/w, 10 wl) (Fig. 2). The effect of 
BSA (ca. 0—1000 nM) on Ca** movement into LUV 
was also investigated. 

To prove that there is no influence of K201 on the 
liposomes, Ca**-incorporated LUV were made. 
Ca**-incorporated LUV were prepared by addition of 
400 wM Ca?** in buffer A at the time of preparation 
of LUV. These were incubated with ca. 0-10~* M 
K201 at 26°C for 10 min, and then recollected and 
burst as above. 

The influence of K201 on the ability of annexin V 
to bind to liposomes in the presence of Ca** was 
estimated by measurement of the amount of annexin 
V binding to LUV incubated in various concentra- 
tions of K201. LUV (containing only buffer A) were 
incubated with 50 nM annexin V and ca. 0-10~* M 
K201 in the presence of 400 ~M Ca’* at 26°C for 10 
min. Recollected LUV were burst with 0.2% Triton 
X-100 and then the concentrations of annexin V were 
measured by ELISA, as previously reported [17]. 

Ca’* concentration was measured by a JASCO 
CAF-110 fluorescence spectrophotometer (Nihon 
Bunkou, Tokyo, Japan). Data were obtained at excita- 
tion wavelengths of 340 and 380 nm and at an 
emission wavelength of 500 nm. K201 or diltizem at 
ca. 0.1—100 wM was first incubated with annexin V 
at 26°C for 30 min, and then these were added to the 
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reaction buffer B solution containing LUV, and the 
effects of both drugs were examined. 


2.4. Materials 


Phosphatidylserine, phosphatidylethanolamine, 
BSA (fatty acid free) and TMA were obtained from 
Sigma (St. Louis, MO). HEPES and EGTA were 
from Nacarai Tesque (Kyoto), fura-2 from Dojin 
Laboratories (Kumamoto, Japan) and Triton X-100 
from Millipore (San Francisco, CA). The reagents 
used were K201 (Japan Tobacco, Central Pharmaceu- 
tical Research Institute, Osaka, Japan) and diltiazem 
(Sigma), which were dissolved in distilled water for 
use in the experiments. 


2.5. Statistics 


Student’s t-test was conducted for statistical analy- 
sis of the data; P values less than 0.05 were consid- 
ered significant. 


3. Results 


The amino acid segment of annexin V_ purified 
from rat heart was shown to be YMTIS- 
GFQIEETIDR, corresponding to 213-227 of previ- 
ously reported annexin V from human placenta [3]. 
Examination of the effects of K201 and diltiazem on 
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Fig. 3. Effects of K201 and diltiazem on fluorescence intensity in 
fura-2 solution. Composition of solution: 180 w#M EGTA, 160 
mM sucrose, 10 mM HEPES, | »M fura-2, pH 7.4 (TMA). Open 
circles: control. Open squares: 100 4M K201. Closed squares: 
100 uM diltiazem. Both K201 and diltiazem had no effect on the 
fluorescence ratio. 
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Fig. 4. (A) Effects of annexin V on fluorescence intensity. LUV 
were preincubated with annexin V (ca. 0-100 nM) in the pres- 
ence of Ca** (400 wM). (B) Effects of calcium on fluorescence 
intensity. LUV were incubated with annexin V (50 nM) in the 
presence of Ca?* (ca. 0-450 wM). Closed triangles: Time of 
resuspension of LUV. Open triangles: Time of addition of Triton 
X-100. An V: Annexin V 


fura-2-calclum complex was made by addition of 
Ca** to buffer B solution containing 1 wM fura-2. 
The 340/380 fluorescence ratio indicated neither 
K201 nor diltiazem to have any effect (Fig. 3). 
Fluorescence signals due to the leakage of trapped 
Ca** were recognized by the burst of LUV preincu- 
bated with annexin V in the presence of Ca**. The 
degree of fluorescence signal emission was depen- 
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Fig. 5. Effects of BSA (ca. 0—1000 nM) on fluorescence inten- 
sity. LUV were incubated with BSA (ca. 0—1000 nM) in the 
presence of Ca** (400 4M). Closed triangles: Time of resuspen- 
sion of LUV. Open triangles: Time of addition of Triton X-100. 


dent on annexin V concentration. When the annexin 
V concentration in the incubation solution increased, 
the fluorescence ratio increased dose dependently and 
reached the maximum at 50 nM in the presence of 
400 wM Ca** (Fig. 4A). LUV, following preincuba- 
tion with 50 nM annexin V, also showed an increase 
in fluorescence ratio with Ca** concentration. Fluo- 
rescence ratio reached a plateau at Ca** concentra- 
tions higher than 400 uM (Fig. 4B). BSA did not 
affect this fluorescence signal up to 1 wM in the 
presence of 400 wM Ca’* (Fig. 5). 

The effect of K201 and diltiazem on inward Ca** 
movement into LUV was measured in the presence of 
50 nM annexin V and 400 wM Ca?*. K201 was 
shown to inhibit inward Ca** movement dose depen- 
dently (Fig. 6A). Under the same conditions (in the 
presence of 50 nM annexin V and 400 wM Ca’*), 
K201 at 0.1 or | wM had no significant effect, but 
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Fig. 6. (A) Effects of K201 on fluorescence intensity. (B) Effects of diltiazem on fluorescence intensity. LUV were incubated with 
annexin V (50 nM) and each reagent in the presence of Ca** (400 1M). Closed triangles: Time of resuspension of LUV. Open triangles: 


Time of addition of Triton X-100. An V: Annexin V. 
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Fig. 7. Relationship between fluorescence intensity and concen- 
trations of K201 and diltiazem. Open circles: K201, Closed 
circles: diltiazem. Horizontal bars show mean+ standard error. 
Each experimental group contained 4 or 5 cases (n=4 or 5). 
“P< 0.05, “* P <0.001 (control vs. each group). 
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Fig. 8. Relationship between concentration of K201 and Ca** 
signal due to bursting of Ca**-incorporated LUV. Ca’ *-incorpo- 
rated LUV were incubated with ca. 0-10~* M K201 at 26°C for 
10 min. 
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Fig. 9. Relationship between concentration of K201 and amount 
of annexin V binding to LUV. LUV were incubated with 50 nM 
annexin V and ca. 0-10~* M K201 in the presence of 400 ~M 
Ca?* at 26°C for 10 min. 
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fluorescence ratio decreased significantly at 3 wM 
and higher (Fig. 7). The dose for 50% inhibition of 
inward Ca** movement was found to be 25 pM. 
Diltiazem did not show any effect at 30 wM, and 
showed an inhibitory effect only at very high concen- 
trations (100 ~M) (Fig. 6BFig. 7). 

In the experiments using Ca**-incorporated LUV, 
no influence of K201 on the liposomes was recog- 
nized. Recollected Ca’ *-incorporated LUV incubated 
with 0-10°~* M K201 showed almost the same Ca’* 
signal by burst method (Fig. 8). K201 also had no 
influence on the ability of annexin V to bind to 
liposomes. The amount of annexin V binding to LUV 
in the presence of Ca?* did not change under the 
conditions of 0-10°* M K201 (Fig. 9). 


4. Discussion 


In the annexin family, annexin I [18], If [19], V 
[6,7], VI [20,21], and VII [22] have been revealed to 
have voltage-dependent Ca?* channel activity in vitro 
using patch clamp and dipping techniques. There 
have been some reports that suggest that annexin V 
has Ca** transport activity, using LUV and fura-2. 
Berendes et al. noted annexin V at 25 to 200 nM to 
exhibit calcium transport activity using fura-2-incor- 
porated LUV, thereby promoting calcium influx in 
the presence of Ca** [15]. On the other hand, 
Goossens et al. could detect no Ca** channel activity 
even following the addition of 150 nM recombinant 
annexin V and native annexin V purified from human 
placenta to LUV in the presence of Ca** using 
fura-2-incorporated LUV, and concluded that annexin 
V in the presence of low concentrations of Ca’* 
causes disruption of the lipid membrane with conse- 
quent leakage of fura-2, rather than inward Ca** 
transport [23]. Views on the functions of annexin V 
in experiments using fura-2-incorporated LUV are 
thus at variance. 

Here, a study was conducted to determine whether 
rat native annexin V is capable of inducing inward 
Ca** movement across lipid membranes. Our prelim- 
inary study using fura-2-incorporated LUV indicated 
that annexin V induces an increase in the fluores- 
cence ratio following centrifugation in the presence 
of a high concentration of Ca**. This result suggests 
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that a high concentration of Ca** makes LUV sus- 
ceptible to disruption. However, addition of EGTA to 
the solution prevented this disruption by centrifuga- 
tion. For the purpose of clarifying the effect of 
annexin V on inward Ca** movement into LUV, 
usage of fura-2-incorporated LUV as in the previous 
reports [15,23] would not be suitable, because it 
could not be determined whether an increase in fluo- 
rescence ratio in solution containing fura-2-incorpo- 
rated LUV was due to an increase in inward Ca** 
movement into LUV or due to leakage of fura-2 from 
LUV. On the other hand, the burst method as shown 
in Fig. 2 reflects the Ca?* content in LUV, which 
results from influx from the outside of LUV, so this 
method can avoid the artificial results described 
above. 

Since Goossens et al. [23] reported that a very high 
concentration of Ca** (2.5 mM) and bovine serum 
albumin (5 g 1~' = about 80 wM) caused a signifi- 
cant increase in fluorescence with excitation and 
emission wavelengths of 340 and 500 nm using 
fura-2-loaded LUV, we measured the effect of BSA 
on inward Ca** movement into LUV by this burst 
method. BSA did not show any effect on fluores- 
cence ratio up to | wM (Fig. 5). A high concentration 
of proteins such as BSA might cause nonspecific 
disturbance of LUV as described by Reeves and 
Dowben [14] and Goossens et al. [23]. Therefore, we 
used relatively low concentrations of annexin V (0 to 
100 nM) and Ca** (0 to 450 wM) in this study to 
avoid nonspecific and/or artificial disturbance. 

After disruption by Triton X-100, the fluorescence 
ratio of LUV solution was increased by annexin V 
and Ca** dose dependently as shown in Fig. 4. 
Maximum response was achieved at 50 nM annexin 
V in the presence of 400 iM Ca**, and at 400 pM 
Ca** in the presence of 50 nM annexin V. Thus, 
native rat annexin V induces Ca** movement into 
LUV and shows calcium influx activity in artificial 
phospholipid membrane in vitro. 

Burger et al. [24] noted the X-ray crystal structure 
of annexin V to have features of channel-forming 
membrane protein. Recently, we found by protein 
X-crystallography that K201 binds with the central 
region of annexin V formed by domains II, III, and 
IV (unpublished observation: submitted for publica- 
tion). K201, thus, shows not only ability to bind to 
annexin V but also inhibitory activity on annexin 


V-dependent inward Ca** movement into LUV in a 
dose-dependent manner (Fig. 7). K201 did not show 
effects to stabilize or destroy liposomes (Fig. 8) and 
there was no influence of K201 on the ability of 
annexin V to bind to liposomes (Fig. 9). Diltiazem, a 
1,5-benzothiazepine, did not affect inward cr 
movement into LUV even at 30 wM and showed an 
inhibitory effect at 100 4M, and hardly bound to the 
same site in annexin V as K201 as shown by com- 
puter associated drug design method based on X-ray 
crystallography of annexin V (data not shown). 
Therefore, inhibition of diltiazem appears to be non- 
specific, not being dependent on concentration. 
Although K201 has been demonstrated to have a 
strong cardioprotective effect [8], the mechanisms of 
this action are unclear at the present time. Annexin V 
hardly associates with phosphatidylcholine and sph- 
ingomyelin, but it has a high affinity for the acidic 
phospholipids, such as phosphatidylserine [2]. Since 
phosphatidylserine is mainly located in the inner 
layer of the plasma membrane, annexin V, which is 
an intracellular protein, might reveal its function in 
the cytoplasmic site of cells under normal conditions. 
Recently, it has been reported that the translocation 
of phosphatidylserine from the inner side of the 
plasma membrane to the outer layer occurs in abnor- 
mal conditions, such as in the early stage of apoptosis 
and cell injury, and the annexin V binding site ap- 
peared in the outer membrane in these conditions 
[25-27]. On the other hand, we demonstrated that 
annexin V is displaced from its ordered distribution 
in the plasma membrane in the ischemic heart by 
immunohistochemical studies [12]. Furthermore, we 
also found that annexin V levels in plasma were 
substantially increased in patients with acute myocar- 
dial infarction [17]; that is, annexin V is released into 
the plasma in some forms of injury. These results 
suggest that intrinsic annexin V acts not only in the 
inner part of cells but also in the outer membrane in 
abnormal conditions. In this study, K201 inhibited 
the calcium channel activity of annexin V, and it 
acted as a cytoprotective agent in certain abnormal 
conditions and/or injuries, such as a myofibrillar 
overcontraction model of isolated rat heart [8], 
demonstrating myocardial preservation in the rat in 
vitro [9]. Although the role of annexin V channels in 
vivo is unclear at present, it is possible that annexin 
V causes deterioration of abnormal cellular functions 
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via accelerating inward Ca** current through its 
channel. In order to clarify this hypothesis, further 
studies, such as demonstrating the presence of an- 
nexin channels in apoptotic and injured cells, are 
necessary and K201 might be a good tool as an 
inhibitor of this channel. 
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Abstract 


Substantial effort has been focused on the development of highly efficient gene transfer strategies. Although viral and 
non-viral methods have been elaborated, mechanisms of gene delivery are still poorly understood. We exploited our recent 
observation that replication-deficient type 5 adenovirus dramatically enhances lipofectAMINE-mediated gene transfer 
(lipoadenofection) in differentiated cells to elucidate the mechanism of adenovirus action in this process. Heat-induced 
denaturation of viral capsid abolishes adenovirus action whereas inactivation of viral genome by short treatment with UV 
has no effect. Electron microscopic observations reveal the formation of a complex containing adenovirus and lipofec- 
tAMINE which probably carries DNA into cells via endocytosis. Anti-adenovirus antiserum or monoclonal anti-a ,B, 
integrin antibody inhibits lipoadenofection, at least partially. Neutralization of endosomal compartments with chloroquine, 
ammonium chloride or monensin does not prevent adenovirus improvement of gene transfer. Hence, adenovirus—lipo- 
fectAMINE—DNA complexes in which viral particles are each encompassed by three lipid layers, penetrate cells via an 
endocytic pathway involving probably the adenovirus receptor and a,f, integrin. The resulting efficient transfer and 
expression of plasmid DNA proceeds from a mechanism in which adenoviral endosomolytic activity appears to be required 
while viral genome is not essential. © 1997 Elsevier Science B.V. 


Keywords: Cationic liposome; Adenovirus; Gene transfer; Adipocyte; Integrin; Endocytosis 





1. Introduction nized by a specific receptor at the cell surface and is 
conjugated to poly-L-lysine to which plasmid DNA is 
associated [1,2]. Cationic liposomes or polyethylen- 
imine (PEI) allow formation of a condensed structure 
in which positive charges of the vector interact with 
negatively-charged phosphate DNA [3-5]. At least in 
the case of lipid-DNA complexes, receptor-indepen- 
dent endocytosis has been demonstrated as being the 

“ Corresponding author. Fax: + 33-1-45075890. major pathway of entry into cells [6,7]. The limiting 


Gene transfer by non-viral methods remains a 
poorly efficient process, particularly in terminally 
differentiated cells. Two types of vectors have been 
widely employed. Soluble DNA-protein complexes 
utilize the targeting capacity of a ligand that is recog- 
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step for efficient gene transfer using non-viral meth- 
ods is the intra-endosomal DNA breakdown consecu- 
tive to fusion of endosomes to lysosomes [7]. With 
the aim of overcoming this degradation process, the 
idea has emerged that the endosomolytic property of 
adenovirus could be exploited. 

In the past few years, we and others have devel- 
oped approaches using the association of replication- 
deficient adenovirus and either naked plasmid DNA 
[8], poly-L-lysine—DNA conjugates [2,9—11], cationic 
liposomes [12—16] or PEI [17] in a covalent [10,11] 
or non-covalent [2,9,12—17] manner. Such associa- 
tions actually dramatically enhance gene transfer effi- 
ciency in various cell types. Moreover, combination 
of adenovirus with either lipofectAMINE or PEI has 
been proved adequate for transfection of plasmid 
DNA in cultured adipocytes, muscle or hepatocytic 
cells, three highly differentiated cells almost impervi- 
ous to efficient transfection by other means [12]. 

Mechanisms by which adenovirus improves non- 
viral-mediated gene transfer are poorly documented. 
It is known however that covalent coupling of aden- 
Ovirus to poly-L-lysine—DNA conjugates induces for- 
mation of a complex which enters cells at least in 
part through adenovirus receptor-mediated endocyto- 
sis [18]. In this report, we have addressed the ques- 
tion of how non-covalent association of adenovirus to 
cationic liposome—DNA complexes permits a better 
lipofection efficiency in differentiated cells. We 
demonstrate that a complex between adenovirus, lipo- 
fectAMINE and plasmid DNA penetrates adipose 
cells via an endocytic process which probably in- 
volves the adenovirus receptor and a cellular integrin. 
We show also that neutralization of endosomal pH is 
not deleterious to gene transfer enhancement. 


2. Materials and methods 
2.1. Plasmid and cell culture 


The plasmid pSV2-CAT (SV40 promoter fused to 
the chloramphenicol acetyltransferase (CAT) gene) 
was described elsewhere [19]. Plasmid was prepared 
by two successive equilibrium centrifugations in ce- 
sium chloride/ethidium bromide gradient. 3T3- 
F442A adipoblasts [20] were cultured in 60 mm 
dishes (Falcon) at 37°C in a humidified atmosphere 
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of 10% CO,/90% air. Cells were grown in Dul- 
becco’s modified Eagle medium (DMEM) (Gibco 
BRL) containing 200 IU ml~' penicillin, 50 mg 17! 
streptomycin, 8 mg 1~' biotin, 4 mg 1~' pantothenate 
and 3.7 g 1~' bicarbonate and supplemented with 
10% fetal calf serum. Adipose differentiation was 
achieved in the same medium supplemented with 
0.02 wM insulin for 7 days. Medium was changed 
every other day. 


2.2. Adenovirus propagation and treatment 


The replication-deficient recombinant type 5 
adeno-virus Ad-RSV-nlsLacZ (Rous sarcoma virus 
promoter driving the nlsLacZ gene) [21] was propa- 
gated in human embryonic kidney cell line 293 
(ATCC collection) as previously described [22]. Ade- 
novirus was purified by banding on two successive 
cesium chloride gradients, dialyzed against phosphate 
buffered saline containing 10% glycerol, and stored 
at —80°C. Viral titers were determined by plaque 
assay using 293 cells. For genome inactivation, adeno- 
virus was exposed to 260 nm UV light source on ice 
at 4 cm from the lamp, for 1, 2 or 5 min. For 
alteration of capsid protein, virus was heated at 45°C 
for 10 min [23]. 


2.3. Gene transfer procedure 


Plasmid DNA (5 wg) and 18.6 wl lipofectAMINE 
(Gibco BRL) were separately diluted into 50 wl of 
DMEM in polystyrene tubes, then gently mixed to- 
gether (10 + charge ratio). After 10 min, adenovirus 
(200 plaque forming units (pfu) cell~') was added or 
not to the lipid-DNA complex prior dilution in 2 ml 
of serum-free medium which was subsequently added 
to a 60 mm dish containing ca. 3 X 10° differentiated 
cells. 7 h later, medium was changed to 4 ml of 
DMEM containing 10% fetal calf serum. Cells were 
harvested 16 h later. 


2.4. Adenovirus infection and CAT and B-galacto- 
sidase assays 


Preparation of cell homogenates for CAT assays 
was performed as detailed elsewhere [12]. The method 
of Seed and Sheen [24] was used for determination of 
CAT activity. For measurement of adenovirus infec- 
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tivity, cells were incubated in 2 ml of culture medium 
containing 200 pfu cell”! of native or UV light- 
treated adenovirus for 7 h. B-galactosidase was de- 
tected 16 h later either by determination of enzymatic 
activity as described previously [25] or by staining as 
follows. Cells were rinsed with phosphate buffered 
saline, fixed and stained with 5-bromo-4-chloro-3-in- 
dolyl-B-p-galactoside as described [26]. Blue nuclei 
corresponding to f{-galactosidase expressing cells 
were counted under the microscope 8 h after staining. 


2.5. Electron microscopy 


Negatively stained material for gene transfer were 
observed by electron microscopy. Lipid—DNA com- 
plexes were achieved with 5 wg of pSV2-CAT and 
lipofectAMINE in a 1/10 positive charge ratio, then 
adenovirus was added (200 pfu cell~ ') or not. Trans- 
fection materials were adsorbed on colodion coated 
nickel grids, air dried, stained with 0.5% aqueous 
solution of phosphotungstate and visualised with a 
transmission electron microscope. Lipofection or 
lipoadenofection were carried out on 3T3-F442A 
adipocytes cultured in 35 mm dishes for 30 min, then 


fixed with 1% glutaraldehyde for 2 h at 4°C. Standard 
electron microscopy procedure was achieved as pre- 
viously described [27]. Briefly, cells were post-fixed 
in 1% osmium tetroxide and dehydrated in graded 
series of ethanol. Embedded Eponate blocks were 
sectioned. Sections were stained with uranyl acetate 
and lead then examined with a transmission electron 


microscope. 
2.6. Neutralization with antibodies 


Adenovirus was treated with a polyclonal anti- 
serum from rabbit which had been obtained after 
three intramuscular immunizations with adenovirus 
serotype 5 [28]. This antiserum contains neutralizing 
antibodies directed against proteins of the adenoviral 
capsid. This serum was used at a dilution of 1/100 
for 30 min at 37°C prior addition to the lipid-DNA 
complex. Pre-immune serum was used under the 
same conditions as a control. To neutralize ap, 
integrin, cells were treated with hamster anti-mouse 
monoclonal anti-B; IgG (25 wg ml~') (Pharmingen) 
in serum-free DMEM for 30 min before proceeding 
to lipoadenofection. 


2.7. Cell treatment with weak bases and ionophores 


Differentiated cells were incubated with either 100 
4M chloroquine, 10 mM ammonium chloride or 5 
y.M monensin for 30 min. Then lipoadenofection was 
carried out in the presence of these agents. For 
controlling acidification of endosomes, 3T3-F442A 
adipocytes were pretreated with either 100 pM 
chloroquine, 10 mM ammonium chloride or 5 wM 
monensin for 30 min then | wM acridine orange was 
added for 30 min. Acridine orange accumulates in 
acidic compartments resulting in fluorescent red 
staining. Cells were immediately observed under mi- 
croscope with a 546 nm filter. 


3. Results and discussion 


3.1. Adenovirus capsid but not viral genome is essen- 
tial for lipoadenofection 


Adenovirus binding to the plasma membrane, in- 
ternalization and endosome-disruption activity are 
three crucial steps intervening in adenovirus infection 
[29,30]. Short treatment of adenovirus with UV has 
been reported to be without effect on adenovirus 
infectivity, suggesting that viral genome plays no 
obvious role in this process [31]. We wondered 
whether UV-treated adenovirus would be efficient for 
lipoadenofection. We used a complex of pSV2-CAT 
with lipofectAMINE in a 1/10 positive charge ratio 
for lipofection of 3T3-F442A adipocytes in the ab- 
sence or in the presence of either native or UV-treated 
non-replicative type 5 adenovirus. As expected from 
our previous findings [12], the presence of adenovirus 
is highly beneficial to lipofection, with a 50-fold 
increase in CAT activity (Fig. 1). Lipoadenofection 
efficiency was entirely conserved at | min of treat- 
ment of adenovirus with a 260 nm UV light, reduced 
by about 30% at 2 min and by 60% at 5 min (Fig. 1). 
In contrast, a | min UV-treatment was sufficient to 
prevent adenovirus infection by 90%, as determined 
by Ad-RSV-nlsLacZ-mediated B-galactosidase ex- 
pression (Fig. 1). Longer exposure to UV light totally 
inhibited infection. The deleterious effect of 1 min 
UV-treatment on adenovirus infectivity, together with 
the maintenance of maximal transfer of the plasmid 
indicated that integrity of the viral genome was not 











required for lipoadenofection. This result was in ac- 
cordance with previous observations showing that 
UV-treated adenovirus still supported delivery of e1- 
ther naked DNA [32] or transferrin—polylysine-DNA 
conjugates [31] into cultured cells, while its ability to 
replicate on 293 cells was obviated. 

Next we exposed the adenovirus preparation to 
45°C for 10 min. Such a treatment was reported to 
alter capsid proteins in such a way that a large 
decrease in adenovirus infectivity [29] and endoso- 
molytic activity [23] was observed. This heat-in- 
activated adenovirus was used in lipoadenofection 
experiments. As shown in Fig. 1, CAT activity re- 
mained identical to that obtained with lipofec- 
tAMINE alone, showing that viral capsid was essen- 
tial for the enhancement of liposome-mediated gene 
transfer by adenovirus. A similar dependence of unal- 
tered adenoviral capsid proteins for gene transfer 
accomplished by the receptor-mediated transferrin— 
polylysine system has been described already [33]. 


3.2. DNA, liposomes and adenovirus form a complex 
that enter cells via the adenovirus-mediated endo- 
cytic process 


We wondered whether adenovirus would associate 
with the lipofectAMINE-DNA complex to form a 
higher ordered complex that would penetrate cells via 
endocytosis. Electron microscopy observations 
showed that negatively stained lipofectAMINE—DNA 
complexes appeared as dense aggregates resembling 
those observed with other cationic lipids [3,7], al- 
though much larger as a consequence of using an- 
ionic (aggregating) phosphotungstate instead of 
uranyle acetate as contrasting agent (Fig. 2A). Adeno- 
virus bound avidly to these condensed structures (Fig. 
2B). 3T3-F442A cells were treated for 30 min with a 
suspension containing the resulting ternary complex, 
the fate of which was examined by electron mi- 
croscopy. Condensed structures were found in the 
vicinity of the cell membrane and in endocytic vesi- 
cles holding several lipid-coated adenovirus particles 
(Fig. 2C—D). Adenovirus-free lipofectAMINE-DNA 
complexes were also found in endocytic vesicles (not 
shown) as expected from previous works [7,6]. Peri- 
odicity of the lamellar structures was of approxi- 
mately 5.5—7 nm a size close to that reported using 
different cationic lipids [7,34], giving rise to multi- 
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lamellar structures of 70-150 nm (Fig. 2E). In the 
course of lipoadenofection, each adenovirus particle 
with a core of 65 nm, was encompassed by 3 lipidic 
bilayers of identical sizes (3.5—5 nm) separated each 
by 3 nm and presenting an hexaedric conformation 
(Fig. 2F). The resulting highly ordered structure had 
a diameter of 110 nm. In such a structure, the plas- 
mid DNA is likely to be condensed between the lipid 
bilayers [35]. 

We next wondered whether the route taken by 
adenovirus to penetrate cells was of importance for 
the lipoadenofection process. Adenovirus enters cells 
by endocytosis after binding to a still unidentified 
cellular receptor (see Note on p. 15) via penton fiber, 
a protein of the capsid, 37.6 nm in length [36-38]. 
Internalization requires intervention of a,B, and 
a,6,; integrins thought to interact with the RGD 
sequence of penton base, another protein of the cap- 
sid [39-42]. Because of the size of the lipofec- 
tAMINE—DNA~adenoviral core complex (see above 
and Fig. 2F) we postulated that part (about 12 nm) of 
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Fig. 1. Role of adenovirus capsid and viral genome for lipoade- 
nofection efficiency. 3T3-F442A adipocytes were transfected for 
7 h by lipofection (Lfa) or lipoadenofection (Lfa + adenovirus). 
Either native adenovirus (200 pfu cell~'), or adenovirus treated 
with UV for 1, 2 or 5 min or with heat (45°C) for 10 min was 
used or not. After transfection, cells were incubated with serum- 
containing medium for 17 h before harvesting and determination 
of CAT activity. Values of CAT activity are expressed in percent 
of that obtained by lipoadenofection carried out with native 
adenovirus. Each value represents the mean+SEM of data ob- 
tained from three independent experiments with duplicate dishes. 
100% represents 231+61 mU CAT mg protein” '. 





12 
the penton fibre protruded out of the complex and 
remained able to interact with the adenovirus receptor 
(Fig. 3). 

For blocking penton fiber, we used a polyclonal 
adenovirus antiserum previously obtained in immu- 
nization experiments [28]. We incubated adenovirus 
with either this antiserum or the pre-immune counter- 
part before mixing with the lipofectAMINE-DNA 
complex and proceeding to lipoadenofection of 3T3- 
F442A adipocytes. Results are presented in Fig. 4. As 
expected, adenovirus augmented lipofectAMINE- 
mediated gene transfer as quantified by CAT activity 
measurement. Adenovirus anti-serum prevented this 
increase by 80%, whereas pre-immune serum had no 
effect. Hence, we could speculate that lipofec- 


C. Meunier-Durmort et al. / Biochimica et Biophysica Acta 1330 (1997) 8-16 


tAMINE—DNA~adenovirus ternary complex forma- 
tion did not impair interaction of penton fiber to the 
adenovirus receptor. Therefore, in our transfection 
procedure like in those employing either naked DNA 
[32] or transferrin—polylysine—DNA conjugates [18], 
adenovirus appeared to use its own receptor for in- 
creasing gene transfer efficiency. 

For neutralizing a ,8, integrin, we incubated cells 
with a specific a,6; monoclonal antibody before 
lipoadenofection. As shown in Fig. 4, this treatment 
inhibited by about 40% the adenovirus-mediated in- 
crease in CAT activity. Such a partial neutralization 
was consistent with the potential involvement of a 
second receptor, the a,f,5 integrin, in adenovirus 
internalisation [41,43]. The mechanism by which the 


Fig. 2. Electron photomicrographs of gene transfer reagents and of 3T3-F442A adipocytes transfected by lipoadenofection. Lipid-DNA 
complex was prepared at a charge ratio of 10+ then adenovirus was added or not. These reagents were observed under electron 
microscope after negative stain or incubated with adipocytes for 30 min before electron microscopy. Negatively stained lipofectAMINE- 
DNA complex are presented without (panel A) or with adenovirus (panel B). Panels C and D show cells transfected by lipoadenofection, 
at different magnifications. Panels E and F show endosomes containing lipid-DNA complexes without (panel E) or with adenovirus 
(panel F). Panels A, B, D, E, F: bar represents 100 nm. Panel C: bar represents | wM. 













- $3 lipid layers 
— 3.5 to5 nm each 


Adenovirus core 
65 nm 


, J 


™~ Complex 110 nm * 2 


Fig. 3. Schematic representation of the lipofectAMINE-— 
adenovirus complex. Figure drawn from electron micropho- 
tographs identical to that of Fig. 2F represents adenovirus encap- 
sulated in 3 lipid bilayers. 


RGD sequence of penton base interact with integrins 
for allowing lipoadenofection to proceed is presently 
unknown. 

Hence, both adenovirus receptor and af, inte- 
grin appeared to play a role in the adenovirus-in- 
duced increase in lipofection. These results associated 
to the electron microscopic observations strongly 
suggested that lipofectAMINE—DNA~-adenovirus 
ternary complexes penetrated cells via receptor-medi- 
ated endocytosis, leading to lipoadenofection. 


3.3. Neutralization of endosomal pH does not affect 
lipoadenofection 


We wondered whether both components of the 
vector system, i.e., adenovirus and lipofectAMINE 
were equally important for plasmid delivery from the 
endosomal compartment to the cytoplasm. One alter- 
native to dissociate the respective roles of liposome 
and adenovirus was to neutralize the pH of intra- 
cellular compartment. We treated cells with either 
weak bases (chloroquine, ammonium chloride) or a 
ionophore (monensin), all agents known to be effi- 
cient for neutralizing pH of the intracellular compart- 
ments [44,45]. We controlled this neutralizing action 
by incubating cells for 30 min with these agents then 
30 min with acridine orange, a fluorescent molecule 
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able to specifically stain acidic intracellular compart- 
ments [46]. Indeed, fluorescent spots were strongly 
attenuated in cells incubated with the neutralizing 
agents when compared to those present in acridine 
orange-only treated cells (Fig. 5). 

Cells were transfected by lipoadenofection in the 
presence or not of either chloroquine, ammonium 
chloride or monensin and CAT gene expression was 
measured. A 3.6-fold increase in CAT activity was 
obtained when chloroquine was used, whereas ammo- 
nium chloride or monensin had no effect (Table 1). In 
contrast, in lipofectAMINE only-transfected cells, re- 
ductions of 40%, 75% or 95% in gene transfer were 
obtained by treatments with respectively chloroquine, 
ammonium chloride or monensin (Table 1). One 
interpretation for these results could be that these 
reductions would be the consequence of a decrease in 
the endosomolytic potential of dioleoylphosphatidy] 
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Fig. 4. Effect of anti-adenovirus and anti a ,8, integrin antibod- 
ies on lipoadenofection efficiency. 3T3-F442A Adipocytes were 
transfected as described in the legend to Fig. | using either native 
or neutralized adenovirus (200 pfu cell~'). Adenovirus was 
treated with either a polyclonal adenovirus antiserum from rabbit 
or the pre-immune counterpart for 30 min at 37°C. For af, 
integrin neutralization, adipocytes were pretreated with hamster 
anti-mouse monoclonal anti-B, IgG (Anti-avb3 MAB) for 30 min 
before proceeding to lipoadenofection. Cells were next incubated 
with serum-containing medium for 17 h before harvesting and 
determination of CAT activity. Values of CAT activity are 
expressed in percent of that achieved by lipoadenofection per- 
formed with native adenovirus. Each value represents the mean + 
SEM of data obtained from three independent experiments with 
duplicate dishes. 100% represents 164+57 mU CAT mg pro- 
tein '. Lfa, lipofectAMINE; CTL, control. 
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Table 1 
Effect of weak bases and ionophores on transgene expression 





Transgene expression (% of control) 


Control Chloroquine Ammonium ial 
(100 4M) chloride (5 pM) 
(10 mM) 





357 + 43 108+9 
64+ 14 24+ 10 
145+ 17 WZ 


99 +32 
4.441.2 
114+18 


Lipoadenofection 100 
Lipofection 100 
Infection 100 





3T3-F442A adipocytes were pretreated with either 100 pM 
chloroquine, 10 mM ammonium chloride or 5 ~M monensin for 
30 min, then lipoadenofection (LipofectAMINE 10+ associated 
with Ad-RSV-nlsLacZ, 200 pfu cell~'), lipofection (Lipo- 
fectAMINE 10+) or infection (Ad-RSV-nlsLacZ, 200 pfu cell” ') 
were carried out for 7 h. 17 h later cells were harvested and CAT 
(lipofection, lipoadenofection) or B-galactosidase (infection) ac- 
tivities were determined. Values of transgene expression are 
expressed in percent of that of control cells. Each value repre- 
sents the mean+SEM of data obtained from three independent 
experiments with duplicate dishes. 100% CAT activity represents 
227+70 mU mg protein”' and 11+3 mU mg protein ' for 
lipoadenofection and lipofection, respectively. 100% £-galacto- 
sidase activity represents 374+ 36 mU pg | h ' for adenovirus 
infection. 


ethanolamine (DOPE) present in lipofectAMINE, 
when pH is raised to neutral as reported [47]. Interest- 
ingly, B-galactosidase activity from adenovirus-in- 


Control 


fected cells augmented 1.45-fold in the presence of 
chloroquine and was unaffected by ammonium chlo- 
ride or monensin (Table 1). This result was at first 
glance unexpected considering the dogma that adeno- 
virus-mediated disruption of membranes of endocytic 
vesicles required the acidic pH of endosomes [48,49]. 
However, validity of this dogma is still a matter of 
debate. Indeed, recent data indicate that weak base 
amines do not alter adenovirus uncoating [50] and our 
results are in agreement with this observation. 

The beneficial effect of chloroquine on lipoadeno- 
fection efficiency cannot be attributed to the preven- 
tion of plasmid DNA degradation by lysosomal nu- 
cleases since ammonium chloride and monensin do 
not augment CAT activity (Table 1). Rather, chloro- 
quine may act by binding DNA in endosomes thereby 
dissociating lipofectAMINE-DNA complex in a 
manner similar to that postulated for glycosylated 
polylysine-—DNA complex [51]. Taken together, our 
results show that endosomotropic agent-linked modu- 
lations of gene expression follow a similar pattern 
after adenoviral infection or lipoadenofection and 
show opposite traits after lipofection. Hence, delivery 
of DNA to the cytoplasm during lipoadenofection is 
likely to be the result of adenovirus endosomolytic 
activity. 


Chloroquine 


Fig. 5. Acridine orange stained adipocytes. 3T3-F442A adipocytes were incubated in serum-free medium (control: panel A) containing 
either 100 4M chloroquine (panel B), 10 mM ammonium chloride (panel C) or 5 ~M monensin (panel D) for 30 min then 1 ~M acridine 
orange was added for 30 min. Cells were immediately observed under fluorescent microscope with a 546 nm filter. Bar indicates 100 wm. 
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In conclusion, the association of adenovirus and 
lipofectAMINE permits the efficient transfer and ex- 
pression of plasmid DNA in differentiated cells via a 
process which involves the adenovirus receptor and 
a, integrin for endocytosis of the ternary complex 
and in which viral genome is not essential whereas 
adenoviral endosomolytic activity seems to be re- 
quired. Determining the structural conformation of 
the active complex and delineating the mechanism by 
which adenovirus enhances cationic liposome-media- 
ted gene transfer are prerequisites towards the design 
of adequate synthetic vectors for gene therapy proce- 
dures. 


Note added in proof 

While this paper was under review, Hong et al. 
[52] reported that the conserved region of MHC class 
I a2 domain represents a high affinity receptor for 
adenovirus type 5 fiber knob. 
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| Abstract 


Low pH-induced fusion mediated by the hemagglutinin (HA) of influenza virus involves a conformational change in the 
protein that leads to the insertion of a “‘fusion peptide’’ of the protein into the target membrane. It has been suggested that 
this insertion, aided by the formation of a complex of multiple HA trimers, would lead to perturbation of the bilayer 
structure of the membrane, initiating fusion. Here we present data showing that the interaction of the bromelain released 
ectodomain of the protein (BHA) with liposomal membranes at low pH leads to pore formation, at least at low 
temperatures. Strongly temperature-dependent low pH-induced inactivation of BHA resulted in a complete lack of activity 
of BHA above 10°C. Even at 0°C, only about 5% of the BHA participated in pore formation. Viral HA was less rapidly 
inactivated and still induced pores at 37°C. BHA-induced pore formation showed a sigmoidal time course. Once BHA had 
formed a pore in one liposome, it did not form a pore in a further liposome. Quantitative analysis of pore formation 
indicated that one single BHA trimer sufficed to produce a pore. These data indicate that fusion peptide insertion perturbs 
the membrane and that the formation of a complex of trimers is not a prerequisite for the perturbation. © 1997 Elsevier 
Science B.V. 


Keywords: Membrane fusion; Pore formation; Hemagglutinin; Influenza virus; Liposome 





1. Introduction 


Abbreviations: BHA, Bromelain released ectodomain of in- Fusion of influenza virus with target membranes is 





fluenza hemagglutinin, EDTA, ethylenediaminetetraacetic acid; mediated by the trimeric integral membrane protein, 
HA, hemagglutinin, HEPES, 4-(2-hydroxyethyl)-1-piperazine- hemagglutinin (HA) (for reviews, see [1—3]). Each 
ethanesulfonic acid; MES, 2-morpholinoethane-sulfonic acid monomer of the trimer consists of two disulfide-lin- 






monohydrate; N-Rh-PE, N-(lissamine Rhodamine B sulfonyl) 
phosphatidylethanolamine; N-NBD-PE, N-(7-nitro-2,1,3-benzo- 
xadiazol-4-yl) phosphatidylethanolamine 





ked subunits [4], the smaller one of which, HA2, is 
membrane-anchored and has a _ hydrophobic N- 
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into the target membrane [6,7] and the viral mem- 
brane [8]. The expression of HA on the surface of 
cells causes their fusion with neighbouring cells at 
low pH [9]. On the basis of experiments with cell 
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lines that expressed varying densities of HA, it was 
demonstrated that multiple HA trimers are required 
for fusion [10,11]. Some data indicate that these 
trimers interact cooperatively [10,11]. It is often as- 
sumed that several HA trimers form a higher order 
oligomer or ‘‘fusion complex’’. 

Insertion of the fusion peptide could change the 
structure of the lipid bilayer of the target membrane 
locally, particularly if the formation of a fusion com- 
plex would concentrate these peptides. Fusion of 
influenza virus with erythrocytes induces hemolysis 
[12-14] and the leakage of small molecular weight 
substances from liposomes [12], indicating that dur- 
ing fusion, pores are formed in the membrane of the 
fusion product. In this paper, the term pore is used to 
indicate any kind of defect leading to the leakage of 
substances across a membrane. Shangguan et al. [15] 
have shown that a rather large pore is generated 
during the fusion of influenza virus with liposomes, 
allowing the leakage of dextrans with a molecular 
weight of 10000. However, it is not clear if this is 
the result of fusion with a leaky viral membrane or is 
caused directly by fusion peptide—membrane interac- 
tions. On the one hand, a preparation of membrane- 
free HA aggregates that are held together by hy- 
drophobic interactions between the membrane an- 
chors (HA rosettes) also had lytic activities at low pH 
[16-18]. HA rosettes are made by detergent solubi- 
lization of viral membranes, followed by purification 
of the protein and removal of the detergent [16]. On 
the other hand, the ectodomain of HA, prepared by 
bromelain digestion of HA (BHA), induced no [16] or 
very slow [17] hemolysis, although the fusion peptide 
of BHA is known to insert into the target membrane 
[19,20]. Therefore, it seems possible that residual 
detergent at least contributed to the lytic activities of 
HA rosettes. Alternatively, the lack of activity of 
BHA could be due to its instability at low pH values 
[21,22]. 

It was often suggested that changes in the structure 
of the bilayer created by fusion peptide insertion 
could be crucial for fusion (see reviews [1,23]), since, 
in order to merge the viral and the target membrane, 
the lipids at the site of fusion have to deviate at least 
temporarily from a bilayer structure [24]. Thus, struc- 
tural changes in the membrane induced by HA result- 
ing in pore formation might be related to the forma- 
tion of lipid intermediate structures that are required 


for fusion. In this way, the lipid intermediates in the 
bilayers would lead to the formation of the first 
aqueous connection between the viral and the target 
membrane interior, the ‘‘fusion pore’’. However, 
electrophysiological measurements have shown that 
the fusion pores form before significant lipid mixing 
takes place, and that the pores may be entirely pro- 
teinaceous, resembling an ion channel made of HA 
trimers [25]. 

In this paper, we present data showing that BHA is 
able to interact with liposomal target membranes at 
low pH values, resulting in pore formation, at least at 
low temperatures. Strongly temperature-dependent 
low pH-induced inactivation of BHA was responsible 
for a complete lack of activity of BHA at tempera- 
tures above 10°C. Only a fraction of the BHA partici- 
pated in pore formation even at 0°C. In contrast, viral 
HA was less rapidly inactivated, and still induced 
pores at 37°C. The use of BHA trimers instead of HA 
rosettes or viral HA allowed us to establish that one 
single BHA trimer was able to make a pore. 


2. Materials and methods 


2.1. Liposome preparation 


Multilamellar vesicles were produced by resuspen- 
sion of dry lipid films of egg phosphatidylcholine, 
egg phosphatidylethanolamine (both from Avanti Po- 
lar Lipids, Birmingham, AL, USA), gangliosides 
(Sigma, St. Louis, MO, USA; type III from bovine 
brain, estimated molecular weight 1500 g/mol) at a 
molar ratio of 6:3:1 in buffer containing 145 mM 
NaCl, 2.5 mM HEPES and | mM EDTA, pH 7.4. 
Subsequently, the suspension was frozen and thawed 
five times and large unilamellar vesicles were made 
from the multilamellar vesicles by extrusion (five—ten 
times) through 0.1 jum defined-pore polycarbonate 
filters (Nucleopore, Pleasanton, CA, USA) [26]. After 
extrusion, residual multilamellar liposomes were re- 
moved by centrifugation. Phospholipid phosphate was 
determined according to Bottcher et al. [27]. The size 
distribution of the liposomes was determined by dy- 
namic laser light scattering at 632 nm using a He—Ne 
laser, an ALV-125 goniometer and an ALV-5000 
correlator. 











2.2. Virus 


The X-31 recombinant strain of influenza A virus 
(from plaque C-22 [28]) was grown for us by the 
Schweizerisches Serum- und Impfstoffinstitut (Bern, 
Switzerland) in the allantoic cavity of embryonated 
eggs, and purified, handled and stored essentially as 
described before [29]. Viral phospholipid was ex- 
tracted according to Folch et al. [30] and phospho- 
lipid phosphate was determined according to Bottcher 
et al. [27]. 


2.3. BHA preparation 


BHA was prepared as described by Brand and 
Skehel [31] with minor modifications as specified by 
Harter et al. [19]. Briefly, virus was pelleted by 
centrifugation and resuspended in 100 mM Tris—HCl 
buffer, 57 wM 2-mercaptoethanol, pH 8.0. The pro- 
tein was then released from the virus by digestion 
with 2 mg/ml bromelain (Calbiochem, La Jolla, CA, 
USA) at 37°C for 20 h. Subsequently, virus was 
removed by centrifugation and BHA was purified 
from the supernatant by molecular sieve chromatog- 
raphy on Sephadex G-75 in buffer containing 3.5 mM 
HEPES, | mM EDTA and 145 mM NaCl. As as- 
sessed by sodium dodecyl sulfate—polyacrylamide gel 
electrophoresis (SDS-PAGE), the protein was more 
than 95% pure. Protein concentrations were deter- 
mined according to Bradford [32] using the BioRad 
protein assay (BioRad Laboratories, Hercules, CA, 
USA; using bovine serum albumin as the reference). 


2.4. Calcein leakage measurements 


Leakage of the small molecular weight fluorescent 
dye, calcein, from liposomes was assessed by moni- 
toring its fluorescence at 515 nm, with excitation at 
495 nm, using an SLM 8000 D spectrofluorimeter. At 
high concentrations, the fluorescence of calcein is 
self-quenched. Dilution of liposome-entrapped cal- 
cein into the aqueous buffer (5 mM HEPES, 10 mM 
MES, 15 mM sodium citrate, 135 mM NaCl, 1.0 mM 
EDTA, pH 5.0) surrounding the liposomes therefore 
leads to an increase in fluorescence intensity. Calcein 
was entrapped into liposomes by hydrating the lipid 
film in buffer containing 2.5 mM HEPES, | mM 
EDTA, 100 mM NaCl and 50 mM calcein at pH 7.4 
or in buffer containing 5 mM HEPES, 10 mM MES, 
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15 mM citrate, 85 mM NaCl, 1.0 mM EDTA and 50 
mM calcein at pH 5.0, respectively. Non-entrapped 
dye was then removed by molecular sieve chro- 
matography on Sephadex G-75 with buffer contain- 
ing 3.5 mM HEPES, | mM EDTA and 145 mM 
NaCl at pH 7.4 or in buffer containing 135 mM 
NaCl, 15 mM sodium citrate, 10 mM MES, 5 mM 
HEPES and | mM EDTA at pH 5.0, respectively. For 
evaluation of the kinetic measurements, the fluores- 
cence data were normalized. The fluorescence inten- 
sity, E., of completely dequenched calcein was ob- 
tained after lysis of the liposomes with the detergents 
Triton X-100 (7.6 mM) or octaethyleneglycol mono 
n-dodecyl ether (C12E8, Nikko Chemicals, Tokyo, 
Japan; 5.0 mM). The efflux of dye function, E(t), was 
calculated from the relative fluorescence intensities, 
F(t), according to Eq. (1), where F, represents the 
initial fluorescence 


eS oak | oe F(t)) / (Fe “%3 (1) 

For easier comparison with the fusion data, 1 — E(t) 
is plotted in some of the figures, rather than E(t). 
This function has an initial value of zero and reaches 
a value of | when all liposomes are lysed. We 
observed an increase in fluorescence intensity, proba- 
bly due to spontaneous leakage, when liposomes 
were kept at low concentrations, especially at 37°C or 
when the solution was stirred, even if no protein or 
virus was added. The increase in fluorescence inten- 
sity after 24 hours was about 15 to 35% of the 
difference between F, and E.. For that reason, long 
time experiments were done without further stirring, 
after mixing the components for several seconds. In 
this case, the fluorescence intensity F, of a liposome 
solution, which was incubated for the same time 
under the same conditions, but in the absence of 
BHA, was taken as the initial level of fluorescence. 
The efflux E(24 h) was then calculated according to: 
E(24h) =| F, — F(24h)|/(F — F,) (2) 
The lag time before the onset of leakage was defined 
as the time between the addition of BHA or virus and 
the intercept of the tangent to the inflection point of 
the leakage curve with the time axis [33], as first 
proposed by Bentz [34]. 


2.5. Fusion measurements 


Fusion between virus and labeled liposomes was 
measured with a resonance energy transfer assay [35]. 
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Labeled liposomes contained 0.6 mol.% each of N- 
(lissamine Rhodamine B=. sulfo- 
nyl)dioleoylphosphatidylethanolamine (N-Rh-PE) 
and N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phos- 
phatidylethanolamine (N-NBD-PE). Fluorescence 
was recorded at excitation and emission wavelengths 
of 465 and 530 nm, respectively, with a 515-nm 
long-pass filter placed between the cuvette and the 
emission monochromator [36] on a SLM 8000 D 
spectrofluorimeter with continuous stirring in a ther- 
mostated cuvette holder. All measurements were car- 
ried out in buffer containing 135 mM NaCl, 15 mM 
sodium citrate, 10 mM MES, 5 mM HEPES and | 
mM EDTA at pH 5.0 or 7.4. For calibration of the 
fluorescence scale, the initial residual fluorescence 
intensity, F,, was taken as the zero level and the 
intensity at infinite probe solution, F., as the maxi- 
mum. The latter value was obtained by lysis of the 
liposomes with 5.0 mM _ octaethyleneglycol mono 
n-dodecyl ether (C12E8, Nikko Chemicals) with cor- 
rection for dilution. Hence, the calibrated fluores- 
cence, F,, was obtained by: 


* [F(t) in Fy] /(E. — Fy) (3) 


In some experiments, dextran (MW 19600 g/mol), 
at a concentration of 4.1 mM, was incorporated into 
liposomes containing N-NBD-PE and N-Rh-PE. A 
much higher pressure was needed to extrude the 
liposomes in this case, but a similar extrusion proto- 
col as described above was followed. 


3. Results 
3.1. BHA induces pore formation in liposomes at 0°C 


Influenza virus and HA rosettes have hemolytic 
activity and induce the leakage of small molecular 
weight markers from liposomes at low pH [12-17]. 
However, BHA, which, in contrast to HA rosettes, is 
not prepared in the presence of detergent, had little or 
no lytic activity [16,17]. Therefore, the activity of HA 
rosettes could be due to residual detergent and, in this 
case virus-induced lysis, could be a consequence of 
fusion, in line with the results obtained by Shangguan 
et al. [15], rather than resulting from the interaction 
of HA with target membranes. On the other hand, 
BHA is not very stable at low pH values and, thus, 
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Fig. |. Comparison of fusion and leakage at 37°C. At time 0, 
virus (a, b, d, e) or BHA (c, f) was injected into a cuvette 
containing liposomes at pH 5.0 (a, b, c, g) or pH 7.4 (d, e, f). The 
liposomes either contained calcein and leakage of this substance 
from liposomes was measured (b, c, e, f, g) as described in 
Section 2, or fusion was measured (a, d). In the latter case, 
liposomes contained the fluorescent phospholipid analogues N- 
NBD-PE and N-Rh-PE and fusion was measured by a resonance 
energy transfer assay, as described in Section 2. F,: normalized 
NBD fluorescence. The leakage data are expressed as | — E(t) 
(see Section 2) for ease of comparison with the fusion data. The 
Eq. (1)—E(t) represents the amount of calcein that has leaked 
from the liposomes. All experiments were done at 37°C, at 5 wM 
liposomal phospholipid and 25 nM BHA or 5 ».M viral phospho- 
lipid (a, b, d, e). (g) Leakage from liposomes under the same 
conditions as in c but in the absence of BHA. 


the lack of activity could be due to its inactivation 
[21]. 

To investigate these issues, we first compared the 
fusion of virus with large unilamellar liposomes 
(composed of phosphatidylcholine, phos- 
phatidylethanolamine and gangliosides in a 6:3:1 ra- 
tio) with virus-induced leakage at pH 5.0, 37°C (Fig. 
1). Fusion, measured using the resonance energy 
transfer assay of Struck et al. [35], leveled off at a 
fluorescence increase of 41% at pH 5.0, correspond- 
ing to 82% fusion [37,38]. Virus-induced leakage of 
the small molecular weight substance, calcein, from 
liposomes, measured by the relief of self-quenching 
of the dye upon its dilution in aqueous buffer, reached 
a level of 86%. At this pH and temperature, BHA 
induced less than 5% leakage (Fig. 1). At neutral pH, 
there was neither leakage nor fusion. BHA does not 
induce fusion [17]. 

To investigate if the lack of activity of BHA at this 








temperature was due to the instability of BHA at 
37°C, fusion and leakage were also investigated at 
O°C (Fig. 2). In the absence of target membranes, the 
fusion activity of viral HA is rapidly affected by low 
pH incubation at 37°C, but not at O°C [39]. At O°C, 
virus-induced leakage reached 91% after 30 min, but 
fluorescence dequenching measurements of fusion 
had reached only 8% at this time point, correspond- 
ing to 16% fusion. Therefore, in contrast to the data 
published by Shangguan et al. [15], these data indi- 
cate that leakage was also from liposomes that did 
not fuse with the virus, suggesting that it could be 
caused by interactions of HA with liposomes, rather 
than being a secondary consequence of fusion. Signif- 
icantly, at this temperature, BHA was found to in- 
duce 69% leakage within 30 min at pH 5.0. Both 
fusion and leakage showed a sigmoidal time course. 
No leakage or fusion took place at neutral pH (Fig. 
2). The detailed pH-dependence of BHA-induced pore 
formation confirmed that a conformational change in 
the protein, which exposes the fusion peptide, was 
involved (Fig. 3). 

Thus, it seemed likely that the lack of activity of 
BHA at 37°C was due to strongly temperature-depen- 
dent inactivation. To investigate this in more detail, 
the activity of BHA was measured at a range of 
temperatures (Fig. 4, panel A). We found that the rate 
of BHA-induced leakage decreased with increasing 
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Fig. 2. Comparison of fusion and leakage at 0°C. At time 0, virus 
(a, b, d, e) or BHA (c, f) was injected into a cuvette containing 
liposomes at pH 5.0 (a, b, c) or pH 7.4 (d, e, f) at 0°C. Leakage 
(b, c, e, f) and fusion (a, d) were measured as in Fig. 1. All other 
conditions were as in Fig. 1. 
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Fig. 3. Dependence of leakage on pH. BHA (1.15 nM) was 
incubated with calcein-containing liposomes (2.5 mM _ phospho- 
lipid) at 0°C and at various pH values. The extent of leakage was 
measured after 24 h, as described in Section 2. 1—E(12 h)= 
amount of calcein that has leaked from the liposomes after 24 h. 


temperature. Moreover, when BHA was incubated at 
low pH for 10 min at O°C before the addition of 
liposomes, the rate of leakage was much reduced 
(Fig. 4, panel B). These data indicate that BHA is 
more rapidly inactivated at low pH than is viral HA, 
and that this inactivation is much faster at higher 
temperatures. Doms and Helenius [21] have shown 
that BHA trimers dissociate at low pH and at room 
temperature. In accordance with their data, we found 
that, as measured by high-performance liquid chro- 
matography (HPLC) gel filtration, about 50% of BHA 
(1.0 ~M) dissociated after a treatment at 25°C and 
pH 5 for 10 min, followed by reneutralization (data 
not shown). At lower concentrations, there should be 
at least as much dissociation. 

The leakage of calcein across the membrane was 
the result of a membrane defect induced by HA, and 
not the result of complete destruction of the lipo- 
somes, as evidenced by the capacity of the liposomes 
to undergo fusion (Fig. 1). Also, negative stain elec- 
tron microscopy showed intact liposomes after incu- 
bation with BHA at pH 5 (results not shown). More- 
over, if liposomes containing dextran (MW 19600) 
were prepared as described in Section 2, they could, 
in contrast to liposomes containing buffer, be pelleted 
by centrifugation in an Eppendorf centrifuge. After 
incubation with various concentrations of BHA at pH 
5, 0°C, under conditions where calcein would have 
leaked completely (16 M liposomal lipid, 3 nM 
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Fig. 4. Inactivation of BHA. Panel A: 10 nM BHA, pH 7.4, was 
added to a solution of calcein-loaded liposomes (10 4M _ phos- 
pholipid) in acidic buffer to a final pH of 5.0 at various tempera- 
tures. 1 —E(24 h): as in Fig. 3. Panel B: BHA (29 nM) was 
incubated at pH 5.1 and O0°C for 0 s (a), 200 s (b) or 600 s (c) 
prior to the addition of calcein-loaded liposomes (2.5 w~M_ phos- 
pholipid) at time 0, and leakage was measured. 


BHA, 30 min), 92% of the liposomes could still be 
pelleted, indicating that high molecular weight 
molecules were retained in their interior. 
BHA-induced leakage apparently reached a final 
level after incubation for several hours. To investi- 
gate if BHA caused leakage of only a fraction of 
liposomes or lysed all liposomes eventually, various 
amounts of BHA were incubated with liposomes at 
O°C and pH 5.0 for 2, 24, 48 and 170 h. As shown in 
Fig. 5, leakage reached a constant level after 24 h. 
Further incubation did not increase the extent of 
leakage. If calcein-loaded liposomes were added to a 
sample of BHA and liposomes that had already 
reached a final level of leakage, no further BHA-in- 
duced leakage was observed (data not shown). There- 
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Fig. 5. Leakage from liposomes versus BHA concentration. BHA 
was added to calcein-containing liposomes (2.5 11M _ phospho- 
lipid) at pH 5.1, O°C. The extent of leakage was measured after 2 
h (circles), 24 h (squares), 46 h (triangles) and 170 h (inverted 


triangles). 


fore, the interaction of BHA with liposomes was 
most likely irreversible; once a BHA molecule has 
bound to a liposome and formed a pore, it is not able 
to form a pore in a further liposome. To investigate at 
which point pore formation became irreversible, 
empty liposomes were incubated with BHA at low 
pH and, after various periods of time, calcein-loaded 
liposomes were added to the mixture. As shown in 
Fig. 6, after preincubation of BHA with liposomes 
for 10 min, less than 10% of the subsequently added 
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Fig. 6. Preincubation of BHA with liposomes at pH 5.0, 0°C. 
BHA (1.15 nM) was incubated with unlabelled liposomes (2.5 
4M phospholipid) without calcein (dots) or without liposomes 
(circles) at pH 5.0, O°C for a certain period of time. Then, 
calcein-loaded vesicles were added (2.5 4M). Leakage was mea- 
sured after 24 h. 
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calcein-loaded liposomes (which would have been 
lysed if BHA was incubated at low pH in the absence 
of liposomes) were lysed under these circumstances. 


3.2. Determination of the minimum number of BHA 
trimers required to form a pore 


To determine the minimum number of BHA-tri- 
mers per liposome required to form a pore, we as- 
sumed that the binding of the protein to liposomes is 
non-cooperative, i.e., that the trimers bind to lipo- 
somes independently. Furthermore, it was taken into 
account that one BHA trimer induced leakage in only 
one liposome, as shown above. The fraction of emp- 
tied liposomes can then be calculated as a function of 
the protein/liposome ratio, assuming that the lipo- 
somes are of equal size. Dynamic laser light scatter- 
ing measurements, as described in Section 2, showed 
that the size distribution of the liposomes, which 
were made by repeated extrusion through defined-pore 
filters, was very narrow, as described previously [26], 
around a mean diameter of 103 nm. In that case, the 
fraction P.(m) of liposomes with exactly m proteins 
are Poisson-distributed according to: 


P,(m) =e" *"/m! (4) 


where wt is the average number of BHA trimers per 
liposome. The fraction of liposomes with one or more 
pores can be calculated from the efflux function, E(t), 
provided that the mode of leakage (‘‘all or none’’ or 
more gradual) is known. To determine the mode of 
leakage, we first measured the self-quenching of 
calcein incorporated in liposomes at a range of con- 
centrations (not shown). Liposomes containing 50 
mM calcein were then incubated at pH 5, 0°C with 
various concentrations of BHA for 24 h, resulting in 
a variety of leakage levels (Fig. 7). The liposomes 
were separated from the free dye by gel filtration 
chromatography, and the quenching of the calcein 
remaining in the liposomes was determined [40]. It 
was found that, even under conditions where more 
than 80% of the calcein had leaked out of the lipo- 
somes, the quenching in those that still contained the 
dye was still close to the quenching of 50 mM 
calcein (Fig. 7), clearly indicating an ‘‘all or none’’ 
mode of leakage for BHA. In this case, the fraction 
of emptied liposomes equals [1 — E(t)]. Assuming 
that m,, proteins are required to form a pore, then the 
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Fig. 7. ‘‘All or none’’ mode of leakage. Liposomes containing 
calcein (50 mM) were incubated with various concentrations of 
BHA at pH 5, 0°C and, after 24 h, the liposomes were separated 
from the leaked dye, and the quenching of calcein remaining in 
the liposomes was determined as described in the text (dots). The 
quenching expected in the case of an ‘‘all or none’’ mode of 
leakage is represented by a straight line and the curve shows the 
quenching expected for a gradual release of dye. 


fraction of liposomes that do not lose their content 
equals the sum of all fractions of liposomes with less 
than m,, proteins: 


E(u.m,) = SP(i),i=0...m,—1 (5) 


P 


and the fraction of emptied liposomes becomes: 
1— E(p.m,) = 1 — SP), 1=0...m,-1 (6) 


P 


The final extent of leakage at several different 
concentrations of liposomes and BHA was calculated 
according to Eq. (6) (Fig. 8, panel A) and measured 
(Fig. 8, panel B). The measured data points were 
fitted using Eq. (6). Best fits were obtained with 
m,=1, yielding an exponential function, with a 
mean square residue of 0.009. For m, = 2, the mean 
square residue was 0.015 and for m, = 3, it was 
0.021. These data indicate that the minimum number 
of BHA trimers required to form a pore was one. 
However, the concentrations of BHA at which lysis 
occurred were twenty-fold higher than expected if 
every BHA trimer would be active, as shown graphi- 
cally in Fig. 8, panel B. Therefore, these data could 
either mean that only 5% of the BHA had pore-for- 
ming activity, or that the formation of very large 
complexes of BHA trimers (of the order of twenty 
trimers) in the solution was required prior to binding 
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to the liposomes in order to produce a pore. Consider- 
ing that BHA is rapidly inactivated at low pH (Fig. 4) 
and that fragments of BHA containing the fusion 
peptide were found to bind to liposomes singly [41], 
the former possibility is more likely. 


3.3. The kinetics of leakage 


As can be seen most clearly in Fig. 4, panel A, 
BHA-induced leakage showed a sigmoidal time 
course. The occurrence of a “‘lag phase’’ before the 
onset of leakage indicated that there were at least two 
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Fig. 8. Leakage from liposomes at different BHA trimer concen- 
trations. Panel A: The fraction of emptied liposomes [1 — E(p, 
m_,)] was calculated using Eq. (6) (see text) for m,, = | (a), 2 (b) 
and 6 (c) and plotted versus the protein /liposome ratio, 1. Panel 
B: BHA was added to calcein-containing liposomes at pH 5.1, 
0°C. The extent of leakage [1 — E(w)] was measured after 24 h as 
described in Section 2. The final phospholipid concentrations 
were 2.5 uM (circles), 20 wM (squares), 25 ~M (triangles) and 
50 uM (rhombi). Solid line: theoretical curve for m, =I! was 
calculated as described for panel A; dotted line: theoretical curve 
for m,, = | and interaction of one twentieth of the protein. 
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Fig. 9. Lag versus preincubation time of BHA at a low pH value. 
BHA (29 nM) was incubated at 0°C and pH 5.1 for the time 
indicated. Then, liposomes (2.5 4M phospholipid) were added 
and calcein leakage was monitored. The lag time was determined 
graphically, from the injection of BHA to the intercept of a 
tangent to the leakage curve at its inflection point, as described in 
Section 2. 


rate-limiting steps in the reaction leading to leakage. 
These steps could involve the conformational change 
in BHA, binding of the protein to the liposomes, 
insertion of the fusion peptide into the target mem- 
brane, and the perturbation of the target bilayer, 
which leads to pore formation. Preincubation of BHA 
with liposomes at pH 7.4 did not significantly shorten 
the lag, indicating that BHA-receptor binding was not 
rate-limiting. As preincubation of BHA at low pH in 
the absence of liposomes seemed to shorten the lag 
phase (cf. Fig. 4, panel A), we investigated whether 
or not the conformational change in BHA was rate- 
limiting. To this end, we preincubated BHA at 0°C, 
pH 5.0 for various times, in the absence of lipo- 
somes, and determined the lag, as described in Sec- 
tion 2 (Fig. 9). It was found that preincubation for up 
to 200 s shortened the lag, but longer preincubations 
did not shorten it further. Therefore, the conforma- 
tional change contributes to the measured lag, but is 
not solely responsible for it. These data indicate that 
there were more than two steps leading to leakage. 


4. Discussion 


In this paper, we have shown that a single trimer 
of BHA, the soluble ectodomain of HA, is able to 








form a pore in a liposome at the pH of HA-induced 
fusion. BHA was rapidly inactivated at low pH in a 
strongly temperature-dependent fashion and, there- 
fore, significant pore formation at pH 5 was seen at 
temperatures below 10°C only. BHA-induced pore 
formation was preceded by a lag phase. Receptor 
binding of the molecule to liposomes did not appre- 
ciably contribute to the lag phase, and there still was 
a (shortened) lag after the low pH-induced conforma- 
tional change in BHA, indicating that there were 
more than two rate-limiting steps in the reaction. 

Temperature-dependent low pH-induced inactiva- 
tion is probably the reason why previous experiments 
with BHA at 37°C showed no [16] or only very slow 
[17] hemolysis. The fusion and hemolytic activities of 
viral HA and HA rosettes are also inactivated at low 
pH values in a similar temperature-dependent fashion 
[16,39] but much more slowly than BHA, indicating 
that the transmembrane C-terminal part of HA is 
important for the stability of the molecule [21]. Even 
at 0°C, we found that only 5% of BHA participated in 
pore formation. Most likely, the remainder of the 
BHA was inactivated before it could interact with the 
membrane. For membrane-anchored HA, inactivation 
probably involves insertion of the fusion peptide in 
the membrane containing HA, rather than the target 
membrane [8], and also aggregation of HA trimers 
[42], most likely through hydrophobic interactions 
between their fusion peptides. Two mechanisms are 
likely to contribute to the inactivation of BHA. At 
low pH values, BHA molecules were shown to aggre- 
gate into rosettes, which are held together by hy- 
drophobic interactions between the fusion peptides in 
the center of the rosette [43]. Since inactivation was 
irreversible and BHA trimers were shown to interact 
singly with the target membrane [41], BHA molecules 
aggregated in this fashion are most likely to no 
longer be capable of interactions with the membrane. 
Also, dissociation of the trimers of the low pH form 
of BHA contributed to the inactivation [21]. Alterna- 
tively, it is possible that some BHA trimers did bind 
to liposomes and insert their fusion peptides, but 
without forming a pore. However, binding experi- 
ments (R. Jiricek, unpublished) seem to indicate that 
the fraction of BHA that binds to liposomes is not 
very much larger than the fraction that causes pore 
formation. 

The kinetic distinction between virus-induced leak- 
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age and fusion at 0°C (Fig. 2) and the pore-forming 
activity of BHA indicate that the leakage, which was 
shown to occur during influenza virus—liposome fu- 
sion [15], is caused by the interaction of HA with the 
target membrane. It remains a possibility that lipid 
mixing during fusion is also a leaky process, as 
suggested by Shangguan et al. [15], and that there is 
leakage after fusion, because the viral membrane has 
defects, as suggested by Young et al. [44]. It should 
be noted that Shangguan et al. [15] used a strain of 
virus whose HA has considerable sequence differ- 
ences from the one used here. 

HA-induced fusion may require the cooperative 
interaction of multiple HA trimers [10,11]. Coopera- 
tivity was first demonstrated using two cell lines 
expressing 1.9-fold different densities of the protein, 
which showed a 4.4-fold difference in the extent of 
fusion with liposomes [11]. Moreover, on the basis of 
the duration of the lag phase that preceded the fusion 
of nine cell lines expressing different densities of HA 
with erythrocytes, it was concluded that fusion in- 
volved the cooperative action of three to four trimers 
[10]. Originally, it was suggested that multiple HA 
trimers have to form a higher order oligomer or 
‘*fusion complex’’ in order to initiate fusion. In that 
case, most of the lag was thought to arise from the 
formation of the fusion complex. However, the data 
presented by Danieli et al. [10] and the results of 
other experiments with cell-surface-expressed HA [45] 
suggested that the cooperativity was not at this stage 
of the reaction, but at a later stage. In agreement with 
these observations, BHA-induced pore formation was 
also preceded by a lag phase, and the pores were 
formed by single trimers, as we have shown here. If 
the events that take place during the lag preceding 
BHA-induced lysis are comparable to those that take 
place during the lag preceding fusion, then it is most 
likely that fusion peptide—target membrane lipid in- 
teractions are rate-limiting and that these could play a 
key role in fusion. 

In the case of BHA, these interactions may involve 
the formation of a certain arrangement of two or 
three fusion peptides in the membrane at the site of 
fusion. It is not clear how insertion of the fusion 
peptide would lead to pore formation. Pores are 
induced by synthetic fusion peptides, but, in most 
cases, small unilamellar vesicles were used as targets 
[46-49] and, because of the curvature strain on these 
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membranes, they are easily lysed. On using large 
unilamellar vesicles as targets, a clear correlation was 
found between the ability of synthetic influenza fu- 
sion peptides with different sequences to produce 
pores and the fusion activity of the corresponding 
wild-type or mutant HAs [50]. Typical lytic amphi- 
pathic helical peptides, which differ from the fusion 
peptide because they have positive charges, have 
been proposed to induce leakage either by forming 
pores according to a barrel—stave mechanism, involv- 
ing clusters of transmembrane helices [51], or by 
increasing the negative curvature strain on mem- 
branes [52]. Fusion peptides probably do not form 
pores of the barrel—stave type. Studies with photoac- 
tivatable lipids have indicated that the fusion peptide 
of BHA is inserted as an a-helix [20]. The orientation 
of the inserted peptide has been found to be parallel 
to the plane of the membrane [53], or oblique [54,55]. 
The tryptophan residue of the molecule is close to the 
hydrocarbon /polar interface [56]. Even though there 
may be differences between BHA and viral HA, in 
the sense that viral HA might penetrate deeper into 
the target membrane [6], there are no indications that 
fusion peptides would span the membrane, like they 
should in a barrel—stave model. Moreover, other 
viruses that have fusion proteins with internal, rather 
than N-terminal, fusion peptides, also cause hemoly- 
sis and induce pore formation in membranes [13,57] 
and it is hard to imagine how these would span the 
membrane. 

Alternatively, fusion peptides could have lytic 
properties because they increase the negative curva- 
ture strain on membranes, a mechanism proposed for 
lytic amphipathic peptides [58]. Synthetic influenza 
fusion peptides were shown to have effects that are 
compatible with this proposal, at low pH values, and 
peptides corresponding to mutants that lack fusion 
activity did not have these [59]. Although this seems 
to provide a plausible link between fusion and lytic 
activities of fusion peptides, considering that the 
formation of structures with negative curvature is 
thought to be required for fusion [1,23], it was re- 
cently shown that changes in the composition of the 
membrane that would affect the negative curvature 
strain have little effect on fusion or leakage [15]. 
Whether BHA is actually capable of altering mem- 
brane curvature or not remains to be determined. 

The pore-forming activities of other peptides that 


do not span the membrane or resemble amphipathic 
lytic peptides, like magainin 2 [60] or melittin [61,62], 
cannot be easily understood. Most of these peptides 
presumably induce pore formation only as multimers, 
indicating the formation of a larger, defined structure. 
Considering the orientation of the influenza fusion 
peptide in the membrane, and the fact that a single 
trimer of BHA has pore-forming activity, the mecha- 
nism of pore formation by these types of peptides 
might give the most relevant information on BHA-in- 
duced pore formation. 

Although influenza HA is the most extensively 
studied membrane fusion protein, and many details of 
the conformational change in the protein at the pH of 
fusion are known, how the protein succeeds in mix- 
ing the lipids of the viral and target membrane is not 
understood. Insertion of the fusion peptide into the 
target membrane seems to play a key role in the 
process. Studies with synthetic fusion peptides mod- 
eled after wild-type- or mutant fusion peptides almost 
invariably show a positive correlation between the 
pore-forming ability of the synthetic peptide and the 
fusion activity of the corresponding HA [48—50,59]. 
Therefore, it is likely that the effect of these peptides 
on the membrane, which gives rise to pore formation, 
is comparable to that which gives rise to lipid mixing. 
Such studies can now be performed with BHA, pro- 
viding a more sophisticated model for observing the 
changes in the lipid membrane and obtaining infor- 
mation on the lipid intermediates that are involved in 
fusion. 
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Abstract 


The effects of extracellular Ca?* on cytotoxicity induced by cardiotoxin (CTX), isolated from Chinese cobra venom, 
were investigated in cultured rabbit aortic endothelial cells (RAECs). In Hank’s buffered saline solution (HBSS) containing 
1.2 mM Ca?*, CTX (1-30 pM) caused cell necrosis and cell death in a concentration-dependent manner, as determined by 
trypan blue exclusion test performed after a 20-min CTX treatment. The concentration of CTX that caused 50% cell death 
was about 6.5 ~M. CTX (10 M)-induced RAEC damage was also evident but less prominent in Ca**-free medium and 
almost completely prevented in medium containing 7-10 mM Ca’**. Therefore, Ca** appears to provoke CTX-induced 
injury at physiological concentrations, but protects against it at high concentrations. The protection of RAECs from 
CTX-induced injury could also be achieved by high concentrations of Ni?* and Mg’*. Using the fura-2 fluorescence 
technique to measure the cytosolic free Ca?* concentration ([Ca**],) of single RAEC, it was shown that in 1.2 mM 
Ca’*-containing HBSS, treatment of RAECs with 10 4M CTX for 7-35 min resulted in a tremendous and irreversible 
[Ca?*], elevation, suggestive of cell membrane damage and extracellular Ca** entry. Ni** could also enter the cytosol of 
these damaged RAECs. However, there was no [Ca’* ], elevation or Ni** entry in RAECs that were preincubated in HBSS 
containing 7 mM Ca?* or Ni?* before CTX exposure. In RAECs protected with 7 mM Ca’**, the intracellular Ca** signals 
triggered by 100 uM extracellular ATP or 10 2M bradykinin in CTX-treated groups were similar to those in the untreated 
control groups. Taken together, the results indicate that high extracellular Ca** concentrations protected RAECs from 
CTX-induced injury, and preserved the ability of CTX-treated RAECs to generate Ca** signals in response to physiological 
stimuli. © 1997 Elsevier Science B.V. 
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1. Introduction 


Cardiotoxin (CTX) is a membrane-active polypep- 
tide that has been purified from cobra snake venom 
[1]. It exerts many effects, including membrane depo- 
larization, contraction of cardiac and skeletal mus- 
cles, and modulation of a number of enzymes, such 
as phospholipase C and the plasmalemmal Ca** pump 
[2,3]. CTX has also been named cytotoxin or direct 
lytic factor because continuous exposure to this toxin 
leads to hemolysis and cytolysis [4-7]. The manner 
by which CTX interacts with the plasma membrane is 
not fully understood, but there is evidence that sug- 
gests that the positively charged amino acid residues 
of CTX interact with some anionic domains of the 
plasmalemmal lipid molecules, thus leading to disor- 
ganization of the plasma membrane [8—11]. In con- 
cordance with this notion, it has been shown that high 
concentrations of extracellular Ca** can prevent the 
action of CTX, presumably by competing with CTX 
for the same anionic sites. For instance, Chen et al. 
[12] and Jiang et al. [6] reported that 10 mM Ca** 
inhibited CTX-induced hemolysis. Leung et al. [4] 
also demonstrated that CTX-induced cytolysis of 
Ehrlich ascites tumor cells was attenuated by high 
Ca’* concentrations. In addition, high Ca** concen- 
trations also inhibited the contracture of skeletal and 
cardiac muscles that was triggered by CTX [13-15]. 
High concentrations of Ca** could also block the 
binding of radiolabeled CTX to membranes of axons 
[8], skeletal muscles [13] and erythrocytes [16]. 

Vascular endothelial cells respond to many vasoac- 
tive substances by releasing a number of factors, such 
as the endothelium-derived relaxation factor (now 
known as nitric oxide) and endothelin, which can 
modulate the tone of the underlying vascular smooth 
muscle [17]. The endothelium is in immediate contact 
with CTX, once this toxin invades the circulatory 
system. We previously showed that, in endothelium- 
intact rat aortic rings, CTX-induced contraction was 
preceded by a small and transient relaxation and that 
CTX could also transiently suppress phenylephrine- 
induced contraction in an endothelium-dependent 
manner [18]. These functional studies suggest that 
CTX damaged the endothelial plasmalemma, thus 
permitting Ca** influx and subsequent nitric oxide 
release. However, despite the well-recognized hemo- 
dynamic effects of CTX, direct toxic effects of CTX 


on isolated endothelial cells have not been demon- 
strated hitherto. Whether or not high levels of Ca** 
can also protect endothelial cells from CTX-induced 
injury is therefore unknown. Furthermore, previous 
studies on CTX effects used either cell membranes or 
a group (population) of cells, and there has not been 
any work reporting changes in single cells after CTX 
treatment. In this study, using the trypan blue exclu- 
sion test and the fura-2 microfluorimetric technique 
to measure [Ca**], in single cells, it was shown that 
in 1.2 mM Ca’ *-containing HBSS, treatment of rab- 
bit aortic endothelial cells (RAECs) with CTX led to 
a substantial [Ca**], elevation prior to plasma mem- 
brane damage and eventual cell lysis. However, 
RAECs preincubated in medium containing high Ca** 
levels (7-10 mM) were protected from CTX-induced 
injury. Although there have been many reports show- 
ing that high Ca’* (or divalent cation) concentrations 
could protect cells from CTX-induced structural dam- 
age, whether functional integrity is preserved or not 
in these protected cells has not been demonstrated 
hitherto. Here, we show that CTX-treated RAECs 
that were protected by high levels of Ca** could 
generate Ca** signals (in response to agonists), simi- 
lar to those of untreated cells, suggesting that high 
levels of Ca** could maintain the functional integrity 
of CTX-challenged endothelium. 


2. Materials and methods 
2.1. Materials 


Medium 199, penicillin, streptomycin and fetal 
bovine serum (FBS) were obtained from Gibco BRL 
(Gaithersburg, MD, USA). Fura-2 AM, trypan blue, 
mepacrine, neomycin and ATP were purchased from 
Sigma (St. Louis, MO, USA). Bradykinin was pur- 
chased from Peninsula Laboratories, (Belmont, CA, 
USA). CTX was purified from the venom of Naja 
naja atra by a three-step column chromatography 
method, as previously described [15]. Phospholipase 
A, (PLA,) activity was found to be very low (0.05— 
0.15%) in the purified CTX using a standard pH-stat 
assay [15]. Mepacrine, an inhibitor of PLA, did not 
prevent the cytotoxic action of CTX (see Section 3), 
suggesting that the CTX-induced cytotoxicity was not 
due to the trace amount of contaminating PLA,. 











Neurotoxin was also purified from the same snake 
venom by carboxymethyl (CM) Sephadex G-25 col- 
umn chromatography [15]. All other chemicals were 
of reagent grade. 


2.2. Culture of endothelial cells 


Endothelial cells were isolated from the thoracic 
aorta of New Zealand white rabbits (weighing 1.5 to 
2.5 kg) in the following manner. Under sterile condi- 
tions, the thoracic aorta was removed and placed in 
Hank’s balanced salt solution (HBSS) without Ca** 
and Mg’* (Gibco). After careful removal of the 
surrounding fat and connective tissue, the luminal 
surface was incubated in HBSS containing 0.25% 
trypsin and 1 mM EDTA (Gibco) for 5 min at 37°C. 
Thereafter, the luminal surface was gently flushed 
with Medium 199 supplemented with 20% FBS, 
penicillin (100 U/ml) and streptomycin (100 pg/ml) 
(enriched Medium 199). The effluent was collected 
and centrifuged (200 g) for 10 min. The cell pellet 
was resuspended in enriched Medium 199 and seeded 
onto six-well tissue culture plates (Costar, Cam- 
bridge, MA, USA). The cells were maintained in the 
same culture medium in a humidified atmosphere of 
5% CO, at 37°C and were passaged about once a 
week. HBSS containing 0.05% trypsin and 0.53 mM 
EDTA (Gibco) was used to detach cells. All RAECs 
used in this study were between passage numbers 
four and ten. 

The identity of the endothelial cells was indicated 
by their typical cobblestone appearance (Fig. 3a) and 
confirmed by positive immunofluorescence using an 
anti-von Willebrand factor VIII antibody (Sigma) 
(not shown). 


2.3. Determination of cell viability 


HBSS, composed of (mM) 138 NaCl, 5.3 KCl, 0.8 
MgSO,, 1.2 CaCl,, 0.44 KH, PO,, 0.34 Na,HPO,, 5 
glucose and 25 HEPES, buffered at 7.4, was used for 
washing and incubation. RAECs were gently washed 
once and cell viability was examined by the trypan 
blue (0.1% final concentration) exclusion test, which 
was performed after treatment with or without CTX 
for 20 min (except in Fig. 5) at room temperature. In 
each experiment, 100 cells in each treatment group 
were counted at random under a light microscope. 
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2.4. Fura-2 fluorescence measurement in a single 
RAEC 


The cytosolic free Ca** concentration ([Ca?*],) in 
a single RAEC was measured using the Ca? *-sensi- 
tive fluorescence dye, fura-2. HBSS, having the com- 
position mentioned above, was used for washing and 
for fluorescence measurements. RAECs were grown 
on glass coverslips for 24—48 h, washed once with 
HBSS and then incubated in Medium 199 containing 
2% FBS and | pM fura-2 acetoxy methylester for 30 
min at 37°C. Thereafter, the fura-2-loaded cells were 
washed twice with HBSS, bathed in 500 wl of HBSS 
and the coverslip was mounted in a small plastic 
chamber. The latter was then put on the stage of an 
inverted microscope (Nikon, Tokyo, Japan). Single 
cells were selected using a rectangular diaphragm 
that was fitted into the emission port of the micro- 
scope, which was, in turn, coupled to a photomulti- 
plier of the fluorescence instrument (Photon Technol- 
ogy International, South Brunswick, NJ, USA). The 
selected cell was excited alternately at 340 and 380 
nm and the emitted fluorescence was detected at 510 
nm. After the fluorescence signals stabilized, drugs or 
agonists were added in small volumes (<5 wl) fol- 
lowed by very gentle mixing. All experiments were 
performed at room temperature. 
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Fig. 1. CTX caused the concentration-dependent death of RAECs. 
Cells in HBSS containing 1.2 mM Ca** were treated with 
different concentrations of CTX for 20 min prior to a trypan blue 
exclusion test. Results are expressed as the mean+SE of four 
separate experiments. 
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Fig. 2. Effects of extracellular Ca** concentration on CTX-in- 
duced RAEC death. Cells in HBSS containing various concentra- 
tions of Ca** were incubated with (solid circle) or without (open 
circle) CTX (10 wM) for 20 min and cell viability was then 
examined. Under Ca’*-free conditions, 50 1M EGTA was added. 
Results are expressed as the mean+SE of six separate experi- 
ments. An ° indicates statistical significance compared to CTX- 
treated RAECs in HBSS containing 1.2 mM Ca** (P < 0.05). 


2.5. Statistical analysis 

The results were expressed as mean + SEM. The 
Student’s paired f-test was employed and differences 
were considered significant when P < 0.05. 


3. Results 


Fig. 1 shows that CTX (1-30 wM) caused cell 
death in 1.2 mM Ca?* medium in a concentration-de- 
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Fig. 4. The protective effects of high Ca?*, Ni** and Mg?* on 
CTX-induced cell death. Cells were initially bathed in 1.2 mM 
Ca?*-containing HBSS. Various concentrations of Ca”*, Ni?* 
and Mg**, and CTX (10 pM) were then added for 20 min prior 
to the trypan blue exclusion test. Results are expressed as the 
mean + SE of four separate experiments. ~ The protective effect 
of Mg’* was significantly less prominent than that of Ca** or 
Ni** (P <0.05). 


pendent manner. The concentration of CTX that 
caused 50% cell death was about 6.5 wM. As a 
negative control, neurotoxin, also present in snake 
venom and having structural similarity to CTX, did 
not cause cell death, even at a concentration of 50 
wM (cell viability = 99.7 +0.3%; n=3). Fig. 2 
shows that extracellular Ca** exhibited a concentra- 
tion-dependent biphasic effect on CTX-induced cyto- 
toxicity. CTX-induced cytotoxicity was higher in 1.2 
mM Ca?’*-containing HBSS than in Ca’*-free HBSS. 
However, increasing the concentration of Ca** in 


C 


Fig. 3. Protective effect of high levels of Ca** on CTX-induced RAEC damage. (a) Untreated control cells in 1.2 mM Ca?*-containing 
HBSS. (b) and (c) Cells were treated with 10 1M CTX in HBSS containing, 1.2 and 7 mM Ca** for 20 min, respectively. Thereafter, 
trypan blue (0.1% final concentration) was added. Magnification = 400 x . 













100 





——hi 








aman, 
s 
— 
2 607 
r 1.2 mM Ca, no washing 
A) 40 4 
- “O— 1.2 mM Ca, washing 
& 204 O— 7mMCa, no washing 
: *— 7mM Ca, washing 
0 4 T T T r 1 
0 5 10 15 


Exposure time to CTX (min) 


Fig. 5. The effect of the washing out of CTX on cell death during 
the course of CTX treatment. RAECs were initially bathed in 1.2 
mM Ca’* or 7 mM Ca’*-containing HBSS. CTX (10 pM) was 
then added and cell death was determined at 2, 6 and 15 min 
(open triangle, square). CTX (10 wM) was also added to other 
groups, which were washed extensively for 30 s with 1.2 mM 
Ca**-containing HBSS at 2, 6 or 15 min (circle, closed triangle). 
These groups were then bathed in 1.2 mM Ca**-containing 
HBSS for a further 13, 9 or 0 min, respectively, before the trypan 
blue exclusion test was performed. Results are expressed as the 
mean + SE of five separate experiments. 
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HBSS attenuated CTX-induced cytotoxicity so that in 
7-10 mM Ca’** HBSS, nearly all cells were pro- 
tected. CTX-induced cytotoxicity and the protective 
effects of high Ca** were also obvious when cell 
morphology was examined. Fig. 3a and b show, 
respectively, the morphology of RAEC incubated in 
the absence and presence of CTX (10 pM) in 1.2 
mM Ca** HBSS for 20 min. The majority of CTX- 
treated cells exhibited necrosis and were stained with 
trypan blue. However, in 7 mM Ca** HBSS, almost 
all the CTX-treated cells retained normal morphology 
(Fig. 3c). 

We also tested to see if other divalent cations 
could prevent CTX-induced cytotoxicity in RAECs. 
Fig. 4 shows that high concentrations of Ni** were 
as effective as high concentration of Ca** in inhibit- 
ing the action of CTX. Mg?* also elicited a substan- 
tial protective effect, but was significantly less effec- 
tive than Ca** or Ni** (P < 0.05). 

We next tested the reversibility of CTX action 
(Fig. 5). Treatment of RAECs with 10 wM CTX in 
1.2 mM Ca’* medium resulted in a time-dependent 
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Fig. 6. The effect of CTX on [Ca**], of a single RAEC. A fura-2-loaded RAEC in 1.2 mM Ca**-containing HBSS (a and b) or 7 mM 
Ca’ *-containing HBSS (c) was treated with 10 1M CTX (arrow). The y-axis represents the fura-2 fluorescence ratio of 340 nm /380 nm. 
Small fluctuations in [Ca**], before the substantial [Ca?* ], elevation (a) was observed in eight out of eleven cells, while the other three 


cells did not exhibit fluctuation before the large [Ca** ], 


surge (b). In (a) and (b), there was a variation in the time (7-35 min) between 


CTX exposure and the abrupt increase (“‘burst’’) in the ratio value. The result shown in (c) was observed in at least three other cells 
tested. (d), (e) and (f) show the corresponding fluorescence at 340 nm (upper trace) and 380 nm (lower trace) of samples (a), (b) and (c), 


respectively. 
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increase in cell death. If RAECs were treated with 
CTX for 2 min, then washed extensively and checked 
for viability after 13 min, the degree of cytotoxicity 
was similar to that observed at the 2-min time point. 
This result suggests that CTX could be washed away 
so that there was no further cell damage during the 
13 min incubation. A similar result was obtained at 
the 6-min time point. Ca?* (7 mM) offered almost 
complete protection against CTX-induced cytotoxic- 
ity at all time points, regardless of whether the 
‘*wash-out’’ protocol was employed or not. 

CTX has been known to activate PLA, and phos- 
pholipase C [3]. We investigated if the CTX-induced 
toxicity was due to activation of these enzymes. 
Mepacrine (100 wM, an inhibitor of PLA.) did not 
prevent CTX-induced cytotoxicity in Ca’ *-containing 
medium (cell viability = 4.4 + 1.0% in CTX-treated 
group versus 5.1 + 1.1% in CTX- and mepacrine- 
treated group; n = 8) or Ca**-free medium (cell via- 
bility = 17.1 +0.7% in CTX-treated group versus 
14.2 + 1.0% in CTX- and mepacrine-treated group; 
n = 8). Neomycin (100 wM, an inhibitor of phospho- 
lipase C) also did not prevent CTX-induced cytotoxi- 
city in Ca**-containing medium (cell viability = 5.9 
+ 0.7% in CTX-treated group versus 6.6 + 0.8% in 
CTX- and neomycin-treated group; n = 8) or Ca**- 
free medium (cell viability = 16.4 + 1.0% in CTX- 
treated group versus 16.1+1.4% in CTX- and 
neomycin-treated group; n = 8). Therefore, activation 
of PLA, and phospholipase C did not appear to 
mediate the cytotoxic action of CTX. 

The protective effects caused by high concentra- 
tions of divalent cations on CTX-induced membrane 
damage were also demonstrated using the fura-2 fluo- 
rescence technique. In HBSS containing 1.2 mM 
Ca**, a single RAEC treated with CTX (10 pM) 
showed a tremendous (340 nm /380 nm fluorescence 
ratio > 20) [Ca**], elevation after a variable period 
of 7-35 min (26.5 + 4.2 min; n = 11; mean + SEM) 
(Fig. 6a—b). A smaller [Ca**], elevation was ob- 
served prior to the tremendous [Ca**], elevation in 
eight out of eleven cells tested (Fig. 6a). Fig. 6d—e 
show the fluorescence changes (at 340 and 380 nm) 
of the experiment shown in Fig. 6a—b, respectively. 
The fluorescence changes at these two wavelengths 
were opposite (i.e., rise and fall at 340 and 380 nm, 
respectively) and, therefore, genuinely reflects [Ca** ], 
elevation. Note that at the very late stage, the ratio 


fluctuated dramatically and subsequently dropped to 
zero (Fig. 6a—b). The corresponding fluorescence at 
340 and 380 nm also eventually dropped to zero (Fig. 
6d—e), probably due to the leakage of fura-2 from the 
severely damaged single cell, being infinitely diluted 
by the large volume of the extracellular medium. The 
addition of 7 mM Ca’* during or immediately after 
the large [Ca**], elevation did not prevent the cell 
from disruption (not shown). However, there was no 
persistent elevation in [Ca** ], in CTX-treated RAECs 
for 40 min, if the HBSS already contained 7 mM 
Ca’** at the beginning of the experiment (Fig. 6cFig. 
6f). The protective effect of high Ca** concentrations 
could also be achieved by 7 mM Ni’** (Fig. 7), 
which quenches fura-2 fluorescence at all excitation 
wavelengths [19]. When RAECs were treated with 10 
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Fig. 7. High Ni?* prevented CTX-induced plasma membrane 
leakiness in single RAECs. In (a) and (b), the upper and lower 
traces represent fura-2 fluorescence at 340 and 380 nm, respec- 
tively. (a) A fura-2-loaded RAEC in 1.2 mM Ca’*-containing 
HBSS was exposed to 10 wM CTX. As soon as the fluorescence 
at 340 and 380 nm began to increase and decrease, respectively, 
7 mM Ni** was added. (b) A fura-2-loaded RAEC in 1.2 mM 
Ca’*-containing HBSS was treated with 7 mM Ni** before 
CTX (10 wM) challenge. Similar results were obtained in four 
other separate experiments. In (a), there was a variation in the 
time (7-30 min) between CTX exposure and the changes in 
fluorescence at both wavelengths. 








wM CTX in 1.2 mM Ca** HBSS for some 3-30 
min, there was an increase and decrease in fura-2 
fluorescence at 340 and 380 nm, respectively, indicat- 
ing Ca** influx and, hence, CTX-induced permeabi- 
lization (Fig. 7a). When Ni** was then added, the 
fura-2 fluorescence at both 340 and 380 nm was 
completely quenched, indicating the entrance of Ni?* 
into the cytosol. However, when RAECs were prein- 
cubated with Ni** before CTX treatment, there was 
no change in fluorescence at both wavelengths for 40 
min (Fig. 7b), suggesting that neither [Ca**], eleva- 
tion nor Ni?* entry took place. The results in Figs. 6 
and 7 thus suggest that high Ca**- or Ni** concen- 
trations could prevent CTX-induced membrane dam- 
age. 

The results obtained so far indicate that high con- 
centrations of divalent cations could maintain the 
structural integrity of the plasma membrane of CTX- 
treated RAECs, thus preventing the cells from mem- 
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brane leakiness and necrosis. However, whether such 
protected cells remain functionally intact or not is 
unclear. One approach to examine this is to test how 
well the protected RAECs respond to physiological 
agonists by generating Ca** signals. In cells bathed 
in 1.2 mM Ca’**, or 7 mM Ca**, or cells bathed in 7 
mM Ca’** and treated with 10 ~M CTX, bradykinin 
evoked a surge in [Ca**],, followed by a gradual 
decline to a plateau level that was slightly above the 
resting [Ca**], (Fig. 8a—c). There is no significant 
difference in magnitude between the bradykinin- 
stimulated Ca** responses (peak and tonic) under the 
three different conditions used (Fig. 8d). Similar 
results were obtained when extracellular ATP was 
used as an agonist (Fig. 8e). We did not use high 
Mg’* and Ni** in this experiment, as these two 
cations, besides protecting the RAECs, may exert 
inhibitory effects on plasmalemmal Ca** channels 
[20]. 
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Fig. 8. Agonist-induced Ca?* signaling was unaffected in high Ca**-protected, CTX-treated RAECs. Single fura-2-loaded RAECs in 
HBSS containing 1.2 or 7 mM Ca?*, with or without CTX (10 4M) pretreatment for 20 min, were stimulated with bradykinin (BK, 10 
4M) (a—c). The y-axis represents the fura-2 fluorescence ratio of 340 nm/380 nm. Results are quantified and shown in (d). The ratio 
increase at peak is taken as the difference between the pre-stimulation ratio and the highest ratio after agonist addition. The ratio increase 
at tonic phase is the difference between the pre-stimulation ratio and the ratio at 12.5 min after agonist stimulation. Results are expressed 
as the mean + SE of eight separate experiments. Similar protocols were done using ATP (100 .M) as the agonist (e). Results are the 
mean + SE of ten—thirteen separate experiments. 
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4. Discussion 


Although there have been a number of publications 
demonstrating the interactions of CTX with various 
types of tissues [3] and its effect on the circulatory 
system [14,15,18,21], our report is the first to directly 
demonstrate the cytotoxic actions of CTX on isolated 
endothelial cells and the protection of these cells 
from CTX-induced injury by divalent cations. Our 
studies are of interest as endothelial cells are in 
immediate contact with CTX once this toxin invades 
the circulation. The uptake of trypan blue, membrane 
necrosis, and substantial leakiness to Ca** and Ni?* 
observed in CTX-treated RAECs (Figs. 1, 3, 6 and 
7), consistently suggest that CTX caused elevation of 
permeability to ions at the plasma membrane, eventu- 
ally leading to membrane degeneration and cell death. 
The percentage of cell death increased with the expo- 
sure time to CTX (Fig. 5), a fact that is in concor- 
dance with the variable lag periods (7-35 min) be- 
tween CTX application and the considerable rise in 
plasmalemmal permeability to Ca** and Ni** in a 
single RAEC (Figs. 6 and 7). These results suggest a 
heterogeneity in the sensitivity of individual RAECs 


to CTX. Our work (presented here) provides the first 
report showing the effects of CTX at the single-cell 
level. Tzeng and Chen [21] previously measured 
[Ca**], changes induced by CTX in single neonatal 
rat cardiomyocytes. Since the [Ca** ],; responses were 
averaged over those obtained from a large number of 
cell samples, this may account for their finding that 


[Ca**], rose gradually during the 10-min CTX treat- 
ment. Such averaged results may mask the variable 
lag periods (between CTX application and [Ca**], 
elevation) in individual cells, as we observed in 
single RAECs (Figs. 6 and 7). In our case, after the 
lag period in CTX-treated RAECs, [Ca**], elevation 
was manifested as an abrupt “‘burst’’, with or with- 
out the preceding fluctuation in [Ca**], (Fig. 6a—b; 
also, see below). 

When RAECs were treated with CTX for 2 and 6 
min, then washed extensively and checked for viabil- 
ity after 13 and 9 min, respectively, the degrees of 
cytotoxicity were similar to those checked immedi- 
ately at the two time points (Fig. 5). These results 
indicate that, first, those cells that CTX had already 
damaged could not be recovered; second, those that 
had not yet been damaged by CTX could be pre- 


vented from cell death by extensive washing. Hence, 
there appears to be a critical stage during CTX-in- 
duced pore formation (permeabilization), after which 
membrane damage becomes irreversible. This pro- 
posal is further supported by the observation that the 
increase in plasmalemmal Ca’* permeability in 
CTX-treated RAECs was abrupt, tremendous and was 
followed by severe membrane disruption (Fig. 6a—b). 
At the latter ‘“‘critical’’ moment, the plasma mem- 
brane was damaged to an extent that Ni**, which 
usually does not permeate cells (also see Fig. 7b), 
could rapidly enter the cytosol (Fig. 7a). 

High concentrations of Ca** have been known to 
inhibit CTX actions. For example, CTX-induced 
hemolysis, contracture of skeletal muscles and guinea 
pig papillary muscles were strongly suppressed by 
> 10 mM Ca’* [12,13,15]. In a consistent manner, 
such high concentrations of Ca** inhibited the bind- 
ing of radiolabeled CTX to axonal membranes and 
chick skeletal muscles [8,13]. In the present study, 
when added prior to CTX, high Ca** concentrations 
completely suppressed CTX-induced cytotoxicity 
(Figs. 2 and 4). It should be emphasized that such 
high Ca** concentrations merely represent an experi- 
mental condition rather than a _ pathophysiological 
situation. Suppression of CTX action could be mim- 
icked by high concentrations of two other divalent 
cations, Mg** and Ni** (Figs. 4 and 7). The preven- 
tion of CTX actions by high concentrations of diva- 
lent cations has been demonstrated previously in 
hemolysis, cytolysis and contractility studies 
[4,6,13,15]. All these data support the hypothesis that 
CTX and Ca** compete for the same anionic sites at 
the plasmalemma [4,13]. Such anionic sites may be 
located in the phospholipids [9,11]. If Ca?* competes 
with CTX at the same sites, the activity of CTX 
would be expected to be highest under Ca**-free 
conditions. It was, in fact, observed that the rate of 
CTX-induced hemolysis and the binding of radiola- 
beled CTX to erythrocytes were both enhanced when 
Ca** in the physiological saline was removed by 
excess EGTA [7,16]. Likewise, CTX-induced con- 
traction in the rat skeletal muscle was enhanced in 
Ca’*-free medium [22]. However, in the same study, 
CTX-induced contraction in human skeletal muscle 
was considerably depressed in Ca?*-free medium. It 
was also found that CTX-induced contracture in 
guinea pig taenia coli was strongly attenuated under 











Ca’*-free conditions [23]. We observed that CTX-in- 
duced cytotoxicity was much lower in Ca’ *-free than 
in 1.2 mM Ca’**-containing HBSS (Fig. 2). This 
observation also suggests that Ca** entry leading to 
the elevation of [Ca** ], caused by CTX may not be a 
necessary condition to initiate cell damage; it is more 
likely that it acts by aggravating the injury process 
leading to cell death. It should also be noted that the 
concentration of CTX also profoundly affects its 
interaction with extracellular Ca** and the subse- 
quent damage (eg. hemolysis) at the plasma mem- 
brane [6]. We used 10 wM CTX throughout this 
work, but other concentrations should be investigated 
in future. 

The prevention of CTX-induced plasmalemmal 
leakiness by high Ca**- and Ni** concentrations is 
illustrated in Figs. 6 and 7. There was no change in 
basal fura-2 fluorescence at all in CTX-treated cells 
protected by high Ca**- or Ni** concentrations, indi- 
cating that no increases in permeability to Ca** and 
Ni** had taken place. This experimental protocol, 
while demonstrating how high concentrations of Ca** 
and Ni** could prevent CTX-induced cytolysis, has 
some advantages over previous methods, such as the 
hemolysis assay: (1) Small molecules (i.e., Ca** and 
Ni**) were used as ‘‘leakage markers’’ instead of 
much bigger molecules such as hemoglobin; (2) the 
fura-2 fluorimetric method offers a much more sensi- 
tive and real-time measurement. Thus, our data fur- 
ther confirm that high concentrations of divalent 
cations can preserve the integrity of the plasma mem- 
brane of CTX-treated cells. 

CTX has been known to modulate the activities of 
a number of enzymes at the plasma membrane. For 
instance, studies using purified enzymes or isolated 
membranes reveal that CTX inhibits Na‘ /K’*- 
ATPase, stimulates phosphatidylinositol 4-kinase, en- 
hances Ca?*—Mg’* ATPase and adenylate cyclase 
[2,24—26]. Whether or not high concentrations of 
Ca** can prevent such modulatory activities by CTX 
is unknown. Therefore, although the plasmalemmal 
integrity of CTX-treated RAECs was preserved at 
high concentrations of divalent cations, it still re- 
mains unknown in such protected cells whether the 
plasmalemmal enzyme activities were altered by CTX 
or not. In line with this, there is no previous report 
showing if high Ca’*-protected, CTX-treated cells 
stay functionally intact or responsive to physiological 
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stimuli. One approach to solve this problem is to test 
how well CTX-treated, high Ca**-protected RAECs 
could generate Ca** signals in response to agonists. 
Endothelial cells have been shown to express func- 
tional ATP (P,,,- and P,,-purinoceptors) and 
bradykinin (B, and B,) receptors [27-29]. These 
receptors are coupled, via a G-protein (G, ,,,), to 
phospholipase C [30], which cleaves phosphatidyl 
inositol 4,5-bisphosphate to form inositol 1,4,5-tri- 
sphosphate (InsP,) and diacylglycerol [31]. InsP, re- 
leases Ca** from intracellular stores and, subse- 
quently, the empty state of the stores stimulates 
extracellular Ca** entry [32,33]. The decline of a 
Ca** signal depends on the sequestration of Ca?* 
back into the intracellular stores, and Ca** extrusion 
into the extracellular space achieved by the plas- 
malemmal Ca** pump and/or the Na*—Ca?* ex- 
changer [34]. In high Ca** medium, the Ca’* re- 
sponses triggered by ATP and bradykinin in CTX- 
treated groups were qualitatively and quantitatively 
similar to those in the untreated control groups (Fig. 
8), suggesting that there are intact [Ca**], homeo- 
static mechanisms in CTX-treated cells. Therefore, in 
high Ca**-protected RAECs, CTX was unlikely to 
have significant effects on plasmalemmal receptors 
and Ca**-handling machineries, and did not seem to 
cause general adverse effects on plasmalemmal func- 
tions. Intracellular Ca** signalling plays an important 
role in endothelial cell functions. For example, an 
increase in endothelial [Ca**], triggers the release of 
vasoactive substances, such as prostacyclin, nitric 
oxide and endothelin, which modulate the vascular 
tone [17]. The preservation of functional integrity in 
high Ca’*-protected CTX-challenged RAECs may 
render the latter with the ability to control the con- 
tractility of the underlying smooth muscles. 
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Abstract 


The effects of two ionizable cryptands, the Na-selective (221)C,,. and the K-selective (222)C,,, and of valinomycin, 
FCCP and nystatin on K~ fluxes in opossum kidney (OK) cells have been quantified. The Na,K-ATPase (ouabain-sensitive 
*°Rb influx) was stimulated by nystatin (> 20%), and inhibited by the other ionophores (50-80%), by barium (K-channel 
blocker) (61%) and by amiloride (Na entry blocker) (34%). The V,,,, of the Na,K-ATPase phosphatase activity was 
unmodified by the ionophores, indicating the absence of direct interaction with the enzyme. The ATPi content was 
unmodified by the inhibitors and nystatin, but was lowered by (221)C,,. (47%), (222)C ,, (75%), valinomycin (72%) and 
FCCP (88%). Amiloride was found to partially remove the inhibition caused by (222)C ,, (51%) and valinomycin (49%). Rb 
efflux was stimulated by nystatin (32%), unmodified by valinomycin, and was inhibited by (221)C,, (19%), (222)C, 
(19%) and FCCP (10%). Barium (39%) and amiloride (32%) inhibited this efflux and, in their presence, the nystatin effect 
persisted, whereas that of the other ionophores vanished. At pH 6.4, the Rb efflux decreased by 14% of its value at pH 7.4, 
with no additional inhibition by cryptands. Cryptands are shown to inhibit the pH-sensitive K *-conductance, probably by 
inducing a K*—H~ exchange at the plasma membrane, and by uncoupling oxidative phosphorylation by inducing the entry 
of K* and H* (and possibly Ca** ) ions into the mitochondria. © 1997 Elsevier Science B.V. 


Keywords: OK (opossum kidney) cell; Ionizable and neutral ionophore; K* flux; Na,K-ATPase activity; Cell ATPi content; Inhibitor 





1. Introduction 


One third of the energy requirement of animal 
cells is expended in keeping K* inside and Na* 
outside the plasma membrane. Whether cells main- 
tain high Na* and K~ gradients simply to preserve 


Abbreviations: (221)C ,9-cryptand, diaza-1,10-decyl-5-penta- 
oxa-4,7,13,16,21-bicyclo[8.8.5]tricosane; (222)C ,,-cryptand, di- 
aza-1,10-decyl-5-hexaoxa-4,7,13,16,21,24-bicyclo[8.8.8 ]hexacosane; 





Na-selective (221)C, -cryptand, Na* over K™ selective 
(221)C ,o-cryptand; K-selective (222)C ,)-cryptand, K* over Na~ 
selective (222)C ,)-cryptand; FCCP, carbonylcyanide p-trifluoro- 
methoxyphenyl-hydrazone; ouabain-sensitive Rb_ influx, 
ouabain-sensitive “°Rb influx; Rb efflux, “°Rb efflux; V,... 
maximal rate of the Na,K-ATPase phosphatase activity; ATPi 
content, cell ATP content; HEPES, N-[2-hydroethyl]piperazine- 
N’-[2-ethane-sulfonic acid] 
“ Corresponding author. Fax: (33) 1 42 28 15 64. 


their metabolic integrity or, as in kidney, because 
transport of these ions is inherent to the function of 
the organ, they all use essentially the same basic 
mechanism utilizing the sodium- and _ potassium- 
activated adenosine triphosphatase (Na,K-ATPase), 
an enzyme located in the plasma membrane [1]. Since 
this enzyme helps maintain the osmotic balance across 
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cell membranes, by keeping the intracellular Na con- 
centration low, balancing the negatively charged or- 
ganic molecules, confined inside the cell, is per- 
formed largely by K*. This ion is actively pumped 
into the cell by the Na,K-ATPase and can also move 
freely in or out through the K~ leak channels in the 
plasma membrane [2]. 

For the purpose of understanding the molecular 
basis of cellular processes controlled by ions, 
ionophores have been widely used by cell biologists 
over the past thirty years as tools to increase the ion 
permeability of cell membranes. Among_ these 
ionophores, the K *-selective carrier, valinomycin, the 
H*-carrier, FCCP, and the channel-forming com- 
pound, nystatin, deserve special attention. Valino- 
mycin, a neutral antibiotic, has been used to investi- 
gate the involvement of K* gradients, membrane 
potentials and K™* permeability within cell mem- 
branes [3,4]. While inducing K~ entry into the mito- 
chondrial matrix, valinomycin also promotes the un- 
coupling of oxidative phosphorylation from respira- 
tion [5,6]. The protonophore, FCCP, a lipid-soluble 
weak acid, has been used mainly as a potent uncou- 
pler of mitochondrial phosphorylation [6,7], and also 
has frequently been used to allow H* exchange 
across membranes against alkali cations carried by 
ionophores like valinomycin [8]. The polyene antibi- 
otic, nystatin, which displays a channel-forming ac- 
tivity, increases the permeability of sterol-containing 
membranes to anions, and to Li*, Na*, K* and H* 
ions [9,10]. This compound has been used essentially 
to stimulate the Na,K-ATPase activity by increasing 
intracellular Na [11], and it does not exert an uncou- 
pling effect on the mitochondria [12]. A detailed 
study of the effects of these three ionophores on K* 
transport in the proximal tubule has shown that their 
actions were localized at the plasma membrane 
(nystatin), the mitochondrial membrane (FCCP), or at 
both (valinomycin) [12]. 

More recently, another type of ionophore, i.e., the 
synthetic agents called cryptands, have attracted in- 
creasing interest [13]. These compounds form very 
stable complexes with various substrates, especially 
with monovalent and divalent cations [14] (Table 1), 
and it has been demonstrated that the (221)C,, and 
(222)C,, lipophilic cryptands induced the transport 
of competing K* and Na* ions through thin lipid 
membranes [15,16]. Due to the stated difference in 


Table | 
Ionic radii of cations and association constants (K,,) of cations to 
cryptands, in water at 25°C [14] 





lonic radius (A) K, (M7!) 
(221)-cryptand 
Cavity radius 1.1 A 
0.98 2.5-10° 7.9-10° 
1.33 8.9-107 2.5-10° 
1.49 3.5-107 2.2-104 
1.06 8.9-10° 2.5-10% 
as 3-1 3.2-10° 





(222)-cryptand 
Cavity radius 1.4 A 








The Na* over K™ selectivity of the hydrophilic (221)-cryptand 
and the K* over Na” selectivity of the hydrophilic (222)-cryp- 
tand, calculated using the K, values, are equal to ~ 30. 

Note: When competing Na* and K~ ions are transported through 
thin lipid membranes at identical concentrations, the competitive 
transport selectivities have lower values, i.e., the Na* over K~ 
transport selectivity of the (221)C ,o-cryptand and the K* over 
Na™ transport selectivity of the (222)C,9-cryptand at 25°C are 
equal to 1.5 and 2.5, respectively [15,16]. 

Our interpretations of the present data are based upon this 
observation. 


specificity, these two cryptands may be expected to 
produce different effects. However, the affinity of 
either cryptand is sufficient to bind cellular concen- 
trations of either Na* or K* [15,16]. Outside the cell, 
where K* is low, either cryptand should bind and 
transport Na*; whereas inside, where Na“ is low, the 
same may be true for K*. Also (since they are 
ionizable), these cryptands have been found to elicit a 
cation-H* exchange across membranes without the 
need for a proton carrier [17,18]. 

Due to the selectivity of (221)C,, for Na* over 
K* and its potential ability to carry Ca** ions under 
physiological conditions, whereas (222)C,, exhibits 
selectivity for K* over Na* and might be blocked by 
barium (K*-channel blocker), it seemed of interest to 
investigate the action of such compounds at the cellu- 
lar level. Until now, it has only been shown that 
(221)C,, was as efficient as nystatin at reversing the 
cellular Na* and K* gradients [19], and at stimulat- 
ing the oxidative metabolism of isolated tubules of 
rat nephron [20]. However, the molecular mecha- 
nisms underlying these effects have not yet been 
elucidated. 

The present study is the first to focus on the effects 
of ionizable cryptands on K~ transport by an estab- 
lished cell line, the opossum kidney (OK) cell, de- 











rived from the cortex of the American opossum. 
These cells are known to express several K* chan- 
nels [21-24], and K*-conductance, via these path- 
ways, is intracellular pH-sensitive and can be blocked 
by barium [21,23]. Besides, K* exit from these cells 
also occurs via a K/H antiporter that, under normal 
conditions, would participate in intracellular pH regu- 
lation [25], together with an amiloride-sensitive Na/H 
exchanger [26]. As in other animal cells, a major part 
of K* entry into OK cells is ensured by the Na,K- 
ATPase and, to a limited extent, by a Na,K/2Cl 
cotransporter. Because the complex interplay between 
the intracellular pH and Na”, and the K* fluxes 
across their apical and basolateral membranes, is well 
known, the OK cells present a unique opportunity to 
study the effects of two ionophores transporting Na“, 
K* and H” ions, i.e., the Na-selective (221)C ,, and 
the K-selective (222)C,,. This study quantifies the 
effects of the (221)C,,- and (222)C ,)-cryptands on: 
The ouabain-sensitive “°Rb influx, which is at- 
tributable to the functioning of the Na,K-ATPase; the 
maximal rate of the Na,K-ATPase phosphatase activ- 
ity (V,,,..); the cells’ ATP content and *°Rb efflux, in 
the presence or absence of barium (K ‘-channel 
blocker) and amiloride (Na*-channels and Na/H an- 
tiporter blocker). The effects of valinomycin, FCCP 
and nystatin on these parameters have also been 
quantified and compared to those of the two 
cryptands. The results are discussed in terms of the 
ionic selectivities of the ionophores and of their 
structural characteristics. They are interpreted in terms 
of the ionophore’s action at the plasma membrane 
(nystatin), or at the mitochondrial membrane 
(valinomycin) or both [(221)C,), (222)C,, and 
FCCP]. 


2. Materials and methods 
2.1. Materials 


*°RbCI (0.5-10 mCi/mg Rb) was obtained from 
Amersham (Buckinghamshire, UK) and the Quick- 
safe A scintillator was from Zinsser Analytic (Frank- 
furt, Germany). The ATP assay kit was purchased 
from Calbiochem (San Diego, CA, USA) and FCCP 
was from Boéhringer (Mannheim, Germany). 
(221)C ,)-cryptand, (222)C,,)-cryptand, absolute 
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ethanol for spectroscopy, NaCl, KCl, MgSO,, CaCl,, 
2 H,O, b-glucose, NaOH, KOH, MgCl,, 6 H,O, 
perchloric acid (70-72%), BaCl,, 2 H,0, NaH, PO,, 
H,O, hydrochloric acid (37%) and ammonium hepta- 
molybdate tetrahydrate were obtained from Merck 
(Darmstadt, Germany). Ouabain, amiloride, valino- 
mycin, nystatin, dimethyl sulfoxide, trypan blue, 
ATP(2Na), BRIJ (polyoxyethylene-20-cetyl ether), 
triton X-100 and HEPES were purchased from Sigma 
(St. Louis, MO, USA). D-Mannitol and sulfuric acid 
(98% min.) were from Prolabo (Paris, France) and 
HCI was from Prosciences (Paris, France). Culture 
media and reagents were from Gibco-BRL (Paisley, 
UK), except for sodium selenite, insulin, transferrin 
and hydrocortisone, which were purchased from 
Sigma. Plastic-ware was from Costar (Cambridge, 
MA, USA). 

The liquid scintillation counter was an LKB-Wal- 
lac 1209 RackBeta from EGG Wallac (Turku, Fin- 
land) and was used for B-emission counting. The 
production of inorganic phosphate by the cell ho- 
mogenates was measured at 390 nm using a Uvikon 
930 spectrophotometer from Kontron Instruments 
(Milan, Italy). The light emitted by the 
luciferin /luciferase system, which was used to quan- 
tify the ATP content of the supernatants, was mea- 
sured using a luminometer (LUMAT LK 9501/16) 
from EGG Berthold (Bad Wilbad, Germany). 

(221)C ,o-cryptand, (222)C,,-cryptand, valino- 
mycin and FCCP were dissolved in absolute ethanol. 
Nystatin, ouabain and amiloride were dissolved in 
dimethyl sulfoxide, and triton X-100 and BaCl,, 2 
H,O in water. Final overall ethanol plus dimethyl 
sulfoxide concentrations never exceeded 0.6%; con- 
trol experiments demonstrated that these solvent con- 
centrations had no detectable effect on the parameters 
measured. The percentage of viable cells was over 
99% under all experimental conditions under study 
(trypan blue exclusion procedure). 


2.2. Cell culture 


OK cells (passages 19-27) were grown to conflu- 
ence in 6- or 24-well trays in a medium consisting of 
a 1:1 (v/v) mixture of Dulbecco’s modified Eagle’s 
medium (DMEM) and Ham’s F12 medium, which, in 
addition, contained 21.5 mM NaHCO,, 15 mM 
HEPES, 4 mM L-glutamine, 0.5 mM sodium pyru- 
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vate, 100 nM sodium selenite, 50 IU/ml penicillin, 
50 wg/ml streptomycin, 10 wg /ml insulin, 5 pg/ml 
transferrin, 50 nM hydrocortisone and 2.5% fetal calf 
serum. Cultures were maintained at 37°C in an atmo- 
sphere of 5% CO,/95% air, and the medium was 
changed on alternate days. Cells were fed with hor- 
mone- and serum-free medium 24 h before experi- 
ments were started, and they were studied when 
confluent, after six to seven days. They were subcul- 
tured weekly using 0.05% trypsin and 0.02% EDTA 
in saline solution (Puck-modified) and seeded (ap- 
prox. 1- 10° cells /disk) onto 100-mm plastic petri 
dishes. Since trypsin might modify K” transport 
systems, it should be stressed that any tryptic activity 
present in the initial passaging would be inhibited by 
the added serum and reduced to negligible levels by 
dilution, as each culture was fed three times before 
experimental study, with all old media being aspi- 
rated and replaced by fresh medium. 


2.3. Unidirectional K~* flux 


Unidirectional K* flux was measured using *°RbCI 
following procedures adapted from the methods by 
Cheval and Doucet [27] for K* influx measurements, 
and by Venglarik et al. [28] for K* efflux measure- 
ments. Cells were preincubated in a buffered solution 
adjusted to 340 mOsm with D-mannitol and contain- 
ing (in mM): 137 NaCl, 5.4 KCl, 1.2 MgSO,, 1 
D-glucose, 1 CaCl,, 14 HEPES (pH 6.4 or 7.4). 
Then, transport was induced by incubation in the 
same buffer without D-glucose and supplemented with 
the components to be _ investigated (inhibitors, 
ionophores, tracer). 

The *°Rb influx was determined as follows: after 
removal of the culture medium, the monolayers were 
washed three times with 500 yl /well of the buffer 
solution and were preincubated for variable times at 
37°C in 250 wl of buffer, with or without ionophores 
and inhibitors. After removing this solution, *°Rb 
uptake was induced by adding 250 wl of the D-glu- 
cose-free buffer, supplemented with 0.2 wCi/ml 
*°RbCI (0.5-10 mCi/mg Rb) in the presence or 
absence of inhibitors. At 3 min, the uptake was 
stopped by washing the monolayers three times with 
500 w1/well of ice-cold rinsing solution, adjusted to 
340 mOsm with D-mannitol and containing (in mM): 
137 N-methyl glucamine, 3 BaCl,, 1 ouabain, | 


amiloride, 14 HEPES (pH 6.4 or 7.4). The cells were 
then solubilized in 500 pl /well of 0.5% triton X-100 
and the tracer activity was measured by liquid scintil- 
lation counting using 400 wl aliquots. The protein 
concentration was measured according to the method 
of Bradford [29]. Ouabain-sensitive Rb influx, cal- 
culated as the difference between the values of the 
*°Rb influxes measured in the presence or absence of 
1 mM ouabain, was used as an indicator of Na,K- 
ATPase activity. It was expressed in nmoles K*/mg 
protein /3 min. 

*°Rb efflux was determined as follows: after re- 
moval of the culture medium, the monolayers were 
washed three times with 500 wl/well of the buffer 
solution and were preincubated for 60 min at 37°C in 
250 wl of buffer solution containing 0.4 wCi/mli 
“°RbCI, in the presence or absence of inhibitors. 
After removing the loading solution by suction, the 
monolayers in one of the 24-well plates experimented 
on were washed three times with 500 wl/well of 
ice-cold rinsing solution. Then, the cells were solubi- 
lized in 500 pl/well of 0.5% triton X-100, and the 
tracer activity of the cell layer was determined by 
liquid scintillation counting, in order to determine the 
total “°Rb load (qRb,) under each experimental con- 
dition. Following removal of the loading solution, the 
monolayers in the wells of the other plates being used 
for experiments were washed four times with 500 
wl /well of warmed D-glucose-free buffer solution 
(1.5 min total time). Then, Rb efflux was induced by 
adding 250 wl of the glucose-free buffer, with or 
without the ionophores and the inhibitors. At 5 min, 
the efflux was stopped by rinsing the monolayers 
three times, as indicated above. Cells were then 
solubilized in 0.5% triton X-100 and the tracer activ- 
ity remaining in the cell layer (qRb,) was counted. 
Results are expressed as the percentage of the total 
*°Rb load that was released in 5 min, i.e., 100(qRb, 
— GRb,)/qRbo. 


2.4. Maximal rate of the Na,K-ATPase phosphatase 
activity (V,,,,) 

Ouabain-sensitive phosphatase activity was mea- 
sured according to the method of Post and Sen [30] 
on cell homogenates with 1 mM ouabain and 3 mM 
ATP. The release of inorganic phosphate from ATP 
was measured by spectrophotometric absorption at 











390 nm using a procedure adapted from the method 
of Atkinson et al. [31]. The results are expressed in 
moles Pi/mg protein /h. 


2.5. Cell adenosine triphosphate content (ATPi) 


For these experiments, cells were grown to conflu- 
ence in six-well plates. After removal of the culture 
medium, the monolayers were washed three times 
with 2 ml/well of the buffer solution and were then 
preincubated for 40 min at 37°C in 1 ml of buffer, 
with or without ionophores and inhibitors. After re- 
moving this solution, | ml/well of the glucose-free 
buffer, with or without inhibitors, was added for 3 
min, i.e., *°Rb influx procedure without tracer. The 
monolayers were then washed three times with 2 
ml /well of ice-cold rinsing solution and twice with 2 
ml/well of ice-cold 0.9% NaCl, and were extracted 
with | ml/well of ice-cold 0.3 N perchloric acid. 
After scraping off the monolayers from the bottom of 
the wells with a plastic cell scraper, the extracts were 
centrifuged for 30 min at 4°C (14000 rpm ~ 88 g) 
and the supernatant was collected. The remaining 
protein pellet in the tube was dissolved in | ml of 
NaOH and the protein concentration was determined 
according to Bradford [29]. The supernatant was neu- 
tralized to pH 7 with 3 M and 0.3 M KOH at 4°C, 
and was maintained for 30 min at this temperature 
and centrifuged for 30 min at 4°C and 14000 rpm. 
ATP was measured in the supernatant using Cal- 
biochem’s ATP assay kit, which uses the 
luciferin /luciferase system. The emitted light pro- 
duced by the enzymatic reaction, which is propor- 
tional to the ATP content of the sample, was mea- 
sured using a luminometer. The results are expressed 
in nmoles ATP /mg protein. 


2.6. Statistical treatment 


Data are expressed as means + SEM. Means were 
compared by variance analysis with repeated mea- 
surements for the ionophore factor followed either by 
a Dunnet’s test for comparisons to the control 
(‘‘ionophore effect’’) or the standard conditions (‘‘in- 
hibitor effect’’), or by a Newman-Keul’s test for 
comparisons between the ionophores (‘‘inter-iono- 
phores differences’’) or the pH (‘‘inter-pH differ- 
ences’’). Differences were considered as significant 
for P < 0.05. 
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3. Results 


es I 
3.1. Ouabain-sensitive ~’Rb influx 


At 40 min preincubation, about 90% of the overall 
Rb influx observed at pH 7.4 was ouabain-sensitive 
and, therefore, was attributable to the functioning of 
the Na,K-ATPase. In many cell types, K* enters 
cells via a Na,K /2Cl cotransport system. The pres- 
ence of such a cotransport system in OK cells was 
therefore checked, using bumetanide as an inhibitor 
(not shown). At 500 4M bumetanide and a preincu- 
bation time of 40 min, only 7% of the overall Rb 
influx was ouabain-resistant and bumetanide-sensi- 
tive and, therefore, attributable to the Na,K/2Cl 
cotransporter. Thus, bumetanide was not used in 
future experiments. 

In preliminary experiments, the effect of cryptands 
on ouabain-sensitive Rb influx in OK cells was stud- 
ied after preincubating the monolayers in HEPES (pH 
7.4) for various times and carrier concentrations. It 
was found that (221)C,, and (222)C,, inhibited 
ouabain-sensitive Rb influx in a time- and concentra- 
tion-dependent manner (not shown). Regardless of 
the cryptand concentration, in the 2 to 20 uM range 
(or 5.4 to 54.0 nmoles/mg protein), the inhibition 
reached a steady-state within 40 min of preincuba- 
tion. 

The effects of the Na-selective (221)C,,. and K- 
selective (222)C,, (10 wM or 27 nmoles/mg pro- 
tein) on the ouabain-sensitive Rb influx were then 
compared to those of valinomycin, a K‘-selective 
antibiotic (1 1M or 3 nmoles /mg protein), nystatin, 
a channel-forming compound that increases the per- 
meability of membranes to Na*, K* and H* ions (50 
wM or 125 nmoles/mg protein), and of the 
protonophore FCCP, an uncoupler of oxidative phos- 
phorylation (10 wM or 26 nmoles/mg protein). The 
experiments were performed with or without in- 
hibitors (3 mM barium, a K*-channel blocker, or | 
mM amiloride, a Na‘-channel and Na/H antiporter 
blocker), and 40 min was chosen for the preincuba- 
tion period so that the effects of all the ionophores 
and inhibitors were nearly at steady-state levels (Fig. 
1). 

Under standard conditions, ouabain-sensitive Rb 
influx was equal to 247.8+ 19.0 nmoles/mg pro- 
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Fig. |. Effect of ionophores and inhibitors on the ouabain-sensi- 
tive °°Rb influx in OK cells. OK cells were preincubated for 40 
min in HEPES buffer (pH 7.4), with or without nystatin (50 1M 
or 125 nmoles /mg protein), (221)C ,y) (10 wM or 27 nmoles /mg 
protein), (222)C,, (10 wM or 27 nmoles/mg protein), valino- 
mycin (1 ~M or 3 nmoles /mg protein) and FCCP (10 1M or 26 
nmoles /mg protein), in the presence or absence of 3 mM barium 
or | mM amiloride. Ouabain-sensitive Rb influx was measured 
after 3 min incubation in glucose-free buffer (pH 7.4) containing 
0.2 wCi/ml *°RbCI, with or without 3 mM barium or 1 mM 
amiloride. Each value (+ SEM) is the mean of five—seven experi- 
ments (in duplicate) for the control, (221)C,,, (222)C,, and 
valinomycin, two—four experiments (in duplicate) for FCCP and 
two experiments (in duplicate) for nystatin. The statistical signifi- 
cance (at least P<0.05) of the ionophore effect (*), i.e 
ionophore vs. appropriate control, and of the inhibitor effect (+ ), 
i.e., control plus inhibitor vs. control standard, are indicated on 
the figure. 


tein/3 min. This value was significantly decreased 
by 3 mM barium (61%) and 1 mM amiloride (34%). 

Whether or not inhibitors were present, nystatin 
induced a significant increase (> 20%) of the 
ouabain-sensitive Rb influx, whereas all of the other 
ionophores decreased this influx significantly (50— 
80%), with the exception of (222)C,, in the presence 
of barium. In the latter case, the stability of the 
complexes formed with Ba** being 10* times greater 
than with K* [14], the binding and transport of K* 
ions by (222)C,, were prevented (Table 1). 


3.2. Maximal rate of the Na,K-ATPase phosphatase 
activity (V,.) 


max 


In order to check if the ouabain-sensitive Rb influx 
decrement induced by cryptands, valinomycin and 
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FCCP was due to a direct interaction between the 
ionophores and the Na,K-ATPase or its lipidic envi- 
ronment, the maximal rate of the Na,K-ATPase phos- 
phatase activity (V,,,.) of OK cell homogenates was 
quantified at 37°C and pH 7.4, in the presence and 
absence of the ionophores. The V,,,. of the phos- 
phatase activity of the enzyme was determined at 
final substrate concentrations of 120 mM Na”, 20 
mM K* and 3 mM ATP (Mg/ATP = 1.2), in the 
presence or absence of 1 mM ouabain. The ionophore 
concentrations used here were the same as in Rb 
influx experiments, when expressed in nmoles/mg 
protein (Fig. 2). Statistical treatment of the data 
indicated that none of the ionophores had a signifi- 


cant effect on the V value. 


max 


3.3. Adenosine triphosphate cell content (ATPi) 


In an attempt to explain, at the molecular level, the 
ouabain-sensitive Rb influx inhibition by an uncou- 
pling effect of cryptands, valinomycin and FCCP, the 
ATPi content of OK cells was quantified following a 
40-min preincubation of the cell monolayers in 
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Fig. 2. Effect of ionophores on the maximal rate of Na,K-ATPase 
phosphatase activity (V,,,,) in OK cells. The maximal rate of 
Na,K-ATPase phosphatase activity of OK cell homogenates was 
measured according to the method of Post and Sen [30], with or 
without nystatin (6.23 w~M or 125 nmoles /mg protein), (221)C ,, 
(1.35 wM or 27 nmoles /mg protein), (222)C ,, (1.35 wM or 27 
nmoles/mg protein), valinomycin (0.12 w~M or 3 nmoles/mg 
protein) and FCCP (1.30 4M or 26 nmoles/mg protein). Each 
value (+ SEM) is the mean of five experiments (in duplicate). No 
statistically significant differences were found between the 
ionophores and the control. 











HEPES (pH 7.4), with or without inhibitors and 
ionophores, and a 3-min incubation in glucose-free 
HEPES (pH 7.4), with or without inhibitors, i.e., 
under the same conditions as used for Rb influx 
experiments performed without tracer. 

Fig. 3 shows the effects of the various ionophores 
and inhibitors on the cells’ ATP content. Under 
standard conditions (absence of inhibitor), the ATPi 
content of the control was equal to 40.7+7.4 
nmoles /mg protein. This value was not significantly 
modified by 3 mM barium (37.6 + 6.4 nmoles/mg 
protein), | mM amiloride (41.0+7.5 nmoles/mg 
protein) or | mM ouabain (41.6+7.5 nmoles/mg 
protein). Also, under standard conditions, nystatin did 
not significantly modify the ATPi content, whereas 
(221)C 19, (222)C,9, valinomycin and FCCP de- 
creased this content significantly by 47, 75, 72 and 
88% of the control value, respectively. In addition, 
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Fig. 3. Effect of ionophores and inhibitors on the ATP content 
(ATPi) of OK cells. OK cells were preincubated for 40 min in 
HEPES buffer (pH 7.4), with or without nystatin (SO ~M or 125 
nmoles /mg protein), (221)C,, (10 w~M or 27 nmoles/mg pro- 
tein), (222)C,, (10 »M or 27 nmoles /mg protein), valinomycin 
(1 pM or 3 nmoles/mg protein) and FCCP (10 ~M or 26 
nmoles /mg protein), in the presence or absence of 3 mM barium, 
1 mM amiloride or | mM ouabain. They were next incubated for 
3 min in glucose-free buffer (pH 7.4) in the presence of the 
corresponding inhibitor, i.e., the Rb influx procedure performed 
without tracer, and then checked for the cells’ ATP content. Each 
value (+SEM) is the mean of five—six experiments, except for 
the ionophores in the presence of ouabain (n = 2). The statistical 
significance (at least P < 0.05) of the ionophore effect (“ ), i-e., 
ionophore vs. appropriate control, and of the inhibitor effect (+ ), 
i.e., control plus inhibitor vs. control standard, are indicated on 
the figure. 
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Fig. 4. Effect of ionophores and inhibitors on *°Rb efflux from 
OK cells. OK cells were preloaded for 1 h in HEPES buffer (pH 
7.4) containing 0.4 wCi/ml *°RbCI, in the presence or absence 
of 3 mM barium or | mM amiloride. Rb efflux was measured 
after an incubation period of 5 min in the glucose-free buffer (pH 
7.4), with or without nystatin (50 wM or 125 nmoles/mg 
protein), (221)C,, (10 wM or 27 nmoles/mg protein), (222)C ,, 
(10 »M or 27 nmoles/mg protein), valinomycin (1 pM or 3 
nmoles/mg protein) and FCCP (10 wM or 26 nmoles/mg 
protein), in the presence or absence of 3 mM barium or 1 mM 
amiloride. Each value (+ SEM) is the mean of four—six experi- 
ments (in duplicate) for the control, (221)C, , (222)C,, and 
valinomycin, and of two—four experiments (in duplicate) for 
FCCP and nystatin. The statistical significance (at least P < 0.05) 
of the ionophore effect (“ ), ie., ionophore vs. appropriate con- 
trol, and of the inhibitor effect (+ ), i.e., control plus inhibitor vs. 
control standard, are indicated on the figure. 


the effects of (222)C ,, and valinomycin on the ATPi 
content were similar, being significantly greater than 
that of (221)C,, and significantly lower than that of 
FCCP. 

In the presence of 3 mM barium, | mM amiloride 
or | mM ouabain, the effects of ionophores resem- 
bled those observed under standard conditions, except 
that: (i) (222)C,, no longer caused a significant 
decrease in the ATPi content in the presence of 
barium. As indicated above, the irreversible binding 
of Ba** ions to the (222)C,,-cryptand prevented the 
formation of K *-complexes; (ii) the magnitude of the 
(222)C ,, and valinomycin effects on the ATPi con- 
tent did not differ significantly from that of (221)C ,, 
in the presence of amiloride and (iii) the effect of 
(221)C,, was not found to be significant in the 
presence of ouabain, probably because of the limited 
number of experiments performed under these condi- 
tions (n = 2). 
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3.4. °°Rb efflux 


In an attempt to quantify the effect of the 
ionophores at the plasma membrane, the efflux of 
*°Rb from OK cells was measured after loading the 
cells for 1 h in HEPES buffer (pH 7.4), with or 
without inhibitors. Fig. 4 compares the effects of 
cryptands to those of the other ionophores when 
acting on Rb efflux for 5 min. 

Under standard conditions, Rb efflux was stimu- 
lated to a high and significant extent by nystatin 
(32%), was unmodified by valinomycin, and was 
significantly inhibited by (221)C,,. (19%), (222)C,, 
(19%) and FCCP (10%). 

The control Rb efflux was significantly decreased 
by 3 mM barium (39%) and 1 mM amiloride (32%). 
In the presence of these inhibitors, the significant 
stimulation of Rb efflux by nystatin persisted, whereas 
the other ionophores were without effect. 

When lowering the pH from 7.4 to 6.4, control Rb 
efflux was decreased insignificantly, by 14% of its 
value at pH 7.4, i.e., nearly the magnitude of the 
inhibition induced here by cryptands at pH 7.4 (19%) 


Table 2 
pH-Dependence of the effect of ionophores on *°Rb efflux from 
OK cells 


‘Rb Efflux (%) 





pH 7.4 


60.6 + 2.8 
48.9+ 2.9% 
48.9 + 3.2° 
Valinomycin 60.7 + 2.8 
Nystatin 80.0 + 2.6° 
FCCP 54.3 + 3.3" 


pH 6.4 


52.3+4.3 
51.0+2.0 
52.6+0.6 
33.9% 1,2 
72.0+ 4.8° 
31.624 1.2 





Control 
Gee «a 
C22 10 





OK cells were preloaded for | h in HEPES buffer (pH 6.4 and 
7.4) containing 0.4 ~Ci/ml *°RbCI. The Rb efflux was measured 
after a 5-min incubation period in the glucose-free buffer (pH 6.4 
and 7.4), with or without nystatin (50 wM or 125 nmoles /mg 
protein), (221)C,, (10 uM or 27 nmoles /mg protein), (222)C ,, 
(10 uM or 27 nmoles/mg protein), valinomycin (1 ~M or 3 
nmoles/mg protein) and FCCP (10 wM or 26 nmoles/mg 
protein). 

Means + SEM are the result of four—six experiments (in dupli- 
cate) at pH 7.4 and of two experiments (in duplicate) at pH 6.4 
(ongoing experiments). 

“The ionophore effect is statistically significant at least at the 
P <0.05 level, i.e., ionophore vs. appropriate control, is indi- 
cated in the table. 


(Table 2). The Rb efflux was still stimulated by 
nystatin and unchanged by valinomycin, while the 
inhibition by (221)C,), (222)C,, and FCCP van- 
ished. 


4. Discussion 


The following discussion is based on the data and 
comments presented in Table |. With the exception 
of Ba** ions blocking the (222)C,, cryptand cavity, 
all of the other cations were alternative substrates of 
the two cryptands. Also, due to the high affinity of 
the (221)C ,, for Ca** ions, which are present in the 
buffer at a low concentration and are almost absent 
from the cellular media (0.1 wM), it is likely that 
Ca’* was easily carried inside by (221)C,, and, to a 
lesser extent, by (222)C,,. In efflux experiments, it 
was thought likely that Rb* traced the K* exit by the 
two cryptands. 

In the present study, about 90% of the Rb influx in 
OK cells was found to be ouabain-sensitive and, 
therefore, attributable to the functioning of the 
Na,K-ATPase. At pH 7.4 and 37°C, the control 
ouabain-sensitive Rb influx value (Fig. 1) was in 
agreement with previous data [32,33]. This value was 
decreased by barium, as already found by Sjodin and 
Ortiz [34], and by amiloride, two inhibitors that have 
no effect on the ATPi content (Fig. 3). The K *-chan- 
nels blockade by barium leads to down-regulation of 
the Na,K-ATPase by mechanisms that have not yet 
been elucidated [34-37]. Amiloride blocks sodium 
entry through Na‘-channels and via the Na/H an- 
tiporter. The latter has been shown to be very active 
in regulating the internal pH (pH,) [26] and its block- 
ade by amiloride reduces both the Na, and pH, [25]. 
An inhibition of the Na,K-ATPase activity was there- 
fore expected because (i) Na, is one of the major 
determinant of the pump’s activity [1]; (ii) intra- 
cellular acidosis directly blocks the Na,K-ATPase 
[38]; (iii) K* permeability in OK cells is down-regu- 
lated when the pH, decreases [21]. This, in turn, 
reduces the pump’s activity [35] and (iv) amiloride 
directly inhibits the Na,K-ATPase [39]. Independent 
of the presence of inhibitors, all of the ionophores 
significantly modified the ouabain-sensitive Rb influx 











in OK cells, except for (222)C,, in the presence of 
barium. Nystatin increased the control value (in 
agreement with the data of Middleton et al. [32]) by 
its ability to increase the Na, (and K,) [10]. The 
inhibition of the ouabain-sensitive Rb influx by the 
other ionophores (mobile carriers) was independent 
of their ionic selectivity. 

The control V,,.,. of the Na,K-ATPase phosphatase 
activity (20.5 + 2.9 wmole Pi/mg protein /h) was in 
agreement with previous data [40], and was not modi- 
fied by the ionophores under investigation (Fig. 2). 
Hence, direct interactions with the Na,K-ATPase or 
its lipidic environment could probably be excluded. 
Besides, ouabain-sensitive Rb influx inhibition by 
(222)C ,,. was entirely removed when Ba** ions irre- 
versibly bound to the cryptand, confirming the ab- 
sence of any effect of the cryptand’s aliphatic chain 
within the Na,K-ATPase. 

Another mechanism for the ouabain-sensitive Rb 
influx inhibition by the ionophores was their potential 
uncoupling activity [12] (Fig. 3). ATP synthesis in 
mitochondria is driven by an electrochemical proton 
gradient within the inner mitochondrial membrane 
[2,6]. ATP synthesis blockade may arise from a de- 
crease in the membrane potential (AV) and/or of the 
proton concentration gradient (A pH). It is now clearly 
established that FCCP dissipates the ApH [6,41], 
whereas valinomycin decreases the AV [6]. The 
cryptands’ effects on ATP synthesis were expected to 
reflect a valinomycin-like effect on AV, combined 
with an FCCP-like effect on ApH (see below). 

The control ATPi content of OK cells had a slightly 
higher value than that determined by Li et al. [42,43]. 
Under standard conditions (Fig. 3), the marked de- 
crease in the ATPi content by valinomycin and FCCP 
is typical of those expected from mitochondrial un- 
couplers [12]. The K-selective (222)C ,, reduced the 
ATPi content to the same level as valinomycin, 
whereas (221)C ,,. was less efficient. Several reasons 
may have accounted for this result: (i) (221)C,, 
possesses a Na* over K™ selectivity and, therefore, 
its ability to decrease the AV may have been less than 
that of (222)C,,; (ii) the ionization constants of 
(221)C,,) are higher than those of (222)C,, [14]. 
(221)C ,,, therefore, may have reduced the ApH to a 
lesser extent than (222)C,, and (iii) (221)C,, can 
bind and transport Ca** ions [14,44]. (221)C,, may 
have carried Ca** ions into the mitochondria, thus 
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stimulating ATP synthesis [45]. Due to the linear 
ouabain-sensitive Rb influx vs. ATPi content rela- 
tionship [46,47], the large inhibition of ouabain-sensi- 
tive Rb influx by (221)C,, was not mediated entirely 
through an effect on ATP synthesis. In addition, 
(221)C,,. may have reduced the ouabain-sensitive Rb 
influx (i) by exchanging K* for H* ions across the 
plasma membrane (see Rb efflux discussion), an 
event which decreased the pH, and, in turn, the 
Na,K-ATPase activity [38] and (ii) possibly by in- 
creasing the free Ca,, thus decreasing the Na,K- 
ATPase activity [48-50]. In summary, it is likely that 
the inhibition of ouabain-sensitive Rb influx by 
(222)C ,, was due mainly to its effect on ATP synthe- 
sis, whereas that by (221)C,, was mediated through 
its combined effects on ATP synthesis and on the 
pH,- and Ca,-dependent Na,K-ATPase activity. 

In an attempt to quantify the effect of the 
ionophores at the plasma membrane, a study of Rb 
efflux from OK cells was performed (Fig. 4). In 
agreement with previous data [12,19], the large nys- 
tatin effect arose from the dissipation of the K* (and 
Na™) gradient. Independent of their ionic selectivi- 
ties, cryptands inhibited Rb efflux, an effect repro- 
duced to a lesser extent by FCCP. This H *-carrier 
has been shown to acidify the intracellular pH of OK 
cells [51]. Cryptands were expected to mimic con- 
comitantly the behavior of the Na/H and K/H an- 
tiporters of OK cells. However, due to their internal 
interface localization (~ 90%) [17,18], they would 
have behaved here mainly like K*—H* exchangers. 
The results at variable pH values (Table 2) strongly 
suggested that Rb efflux from OK cells was pH-sen- 
sitive, as already shown by Graber [52], and that 
inhibition of Rb efflux by cryptands and FCCP at pH 
7.4 arose from the ionophores ability to decrease the 
pH,. Besides, no effects of (221)C,. and of FCCP 
could be observed with barium, indicating that these 
carriers did not modify the K /H antiporter activity of 
OK cells (Fig. 4). Hence, cryptands and FCCP may 
have acted mainly on the pH-sensitive barium-block- 
able K*-channels of OK cells. 

In agreement with the data of Graber [52], barium 
decreased the control values of Rb efflux by blocking 
the barium-sensitive K*-channels [21]. Nystatin in- 
creased this efflux, whereas the other ionophores 
were without effect. This suggested that (221)C,, and 
FCCP could not induce an additional pH effect on the 
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remaining K *-conductance, i.e., according to Graber 
[52], the K/H antiporter. Due to the decrease in the 
pH. induced by amiloride, inhibition of the pH ,-sen- 
sitive barium-blockable K*-channels was expected, 
as occurred in the presence of barium. Hence, the 
ionophore effects were similar with amiloride and 
barium. 

In conclusion, comparing cryptand effects to those 
of commonly used ionophores has shown a variety of 
responses on K~ transport in OK cells. It has been 
found that the ionophore’s action is localized at the 
plasma membrane (nystatin), or at the mitochondrial 
membrane (valinomycin) or both [(221)C 9, (222)C ,, 
and FCCP]. Cryptands were shown to inhibit the 
pH-sensitive K*-conductance of OK cells by induc- 
ing a K*—H* exchange at the plasma membrane, and 
to uncouple oxidative phosphorylation by inducing 
the entry of K* and H* (and possibly Ca**) ions 
into the mitochondria, thereby inhibiting the Na,K- 
ATPase. Moreover, their ability to inhibit ATP syn- 
thesis to different levels, together with the specific 
removal of the (222)C,, effects by barium, arose 
from their different ionic selectivities only. This study 
emphasizes the importance of understanding 
metabolic and transport effects of ionizable 
ionophores, such as cryptands. The reversal of Na* 
and K* gradients of proximal tubules by (221)C,o, 
which was previously interpreted as occurring by 
cation transport across the plasma membrane [19], 
thus appears to have arisen from inhibition of Na,K- 
ATPase, through changes at the mitochondrial and 
plasma membranes. 
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Abstract 


After exposure of bovine aortic endothelial cells to various small peptides (tetra- to undeca-mer), extensive transport of 
the peptides across the plasma membrane was observed in the concentration range 10°’ to 10°? M. The observed transport 
events, which contradict the generally anticipated poor permeability of peptides across plasma membranes, exhibited high 
complexity and showed no saturability up to a concentration of 10°? M. Evidence was found for the involvement of 
mdrp-like transporters as well as of energy-independent facilitated diffusion events. The peptide levels within the cells 
approximated those of the incubation solution within 30 min, indicating high capacity and velocity for the involved 
transport processes. Correspondingly, preloaded cells exported about 80% of the internalized peptide within 5 min at 37°C. 
Analogous results were found after peptide exposure to several other mammalian cell types, indicating a more general 
importance of the transport phenomena described here. Our findings contradict the prevailing opinion that the often 
observed lack of activity of externally administered peptides against their targets within intact cells is accounted for 
primarily by poor cellular uptake and point to export processes counteracting the uptake to be more important in this 
context. © 1997 Elsevier Science B.V. 


Keywords: Peptide transport; Cellular uptake; Mammalian cell 





1. Introduction 


The value of small peptides as biological agents is 

Abbreviations: AEC, bovine aortic endothelial cells; BEC, compromised according to the prevailing opinion, 
porcine brain microvessel endothelial cells; BSP, sulfobromoph- apart from metabolic instability, primarily by poor 
thalein; CLSM, confocal laser scanning microscopy; DNP-SG, permeability across biological membranes [1-3]. 
S-(2,4-dinitropheny] glutathione; DOG, 2-deoxy-p-glucose; Metabolic degradation appears to be of lesser impor- 
DPBSG, Dulbecco’s phosphate-buffered saline supplemented with tance in this context, since there exist multiple ap- 


lg/l D-glucose; FLUOS-, 5(6)-carboxyfluoresceinyl; NBD-, 7- ate : h : abili f 
nitrobenz-2-oxa-1,3-diazol-4-yl; PBS, phosphate-buffered saline proaches to improve the enzymatic stability of pep- 
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problems. Besides insufficient lipophilicity, this low 
permeability is accounted for primarily by the high 
hydrogen-bonding potential of the peptide backbone’s 
amide groups [4], which often cannot be reduced by 
structural alterations without affecting the affinity for 
the biological target. Numerous attempts to improve 
the permeability by simply increasing the lipophilic- 
ity of the molecule have not met with success [5]. 

The existence of peptide carriers in the plasma 
membrane of mammalian cells, which could circum- 
vent this principal obstacle, has been demonstrated to 
date only for di- and tripeptides [6,7]. Additionally, 
evidence has been provided for the presence of pep- 
tide transporters at the blood—brain barrier, exhibit- 
ing, however, high structural specificity for a limited 
number of centrally active peptides [8,9]. 

In this study, we found evidence that, in contrast 
to prevailing opinion, oligopeptides (tetra- to at least 
undeca-mers) can extensively and non-specifically 
cross the plasma membranes of mammalian cells. 
Our findings point to the presence of multiple trans- 
port facilities for oligopeptides in the plasma mem- 
brane of mammalian cells which, if considering coun- 
teracting export processes, appear exploitable for 
non-specifically translocating oligopeptides into liv- 
ing cells. Such a possibility seems to be of particular 
interest with respect to an introduction into intact 
cells of small peptides that have appropriate se- 
quences for blocking associations between signal- 
transducing proteins [10]. So far, competition experi- 
ments of this kind have only been carried out in cell 
free systems, permeabilized cells or by means of 
microinjection techniques. 


2. Materials and methods 


2.1. Materials 


°H-DAMGO and  5(6)-carboxyfluorescein-N- 
hydroxysuccinimide ester (FLUOS) were purchased 
from Amersham and Boehringer, Mannheim, respec- 
tively. DNP-SG was synthesized according to Hinch- 
man et al. [11]. Buserelin (HOE 766) was a generous 
gift from Dr. J. Sandow (Hoechst). Other chemicals 
and reagents, if not specified, were purchased from 
Sigma or Bachem. 
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2.2. Peptide synthesis 


The peptides were synthesized manually by the 
solid phase method using standard Fmoc chemistry. 
Boc-Lys(Fmoc)-OH was coupled to o-chloro-trityl 
resin in the presence of two equivalents of ethyl-di- 
isopropylamine. After Fmoc-deprotection by 20% 
piperidine /dimethylformamide (DMEF), subsequent 
couplings of Fmoc-Leu, Fmoc-Phe, Fmoc-Gly and 
Fmoc-Tyr(tBu) were carried out by means of TBPipU 
[12]. The crude peptide was obtained from the final 
cleavage in acetic acid—trifluoroethanol—methylene 
dichloride (2:2:6, v/v/v) for 1 h and purified using 
preparative reversed-phase high-performance liquid 
chromatography (RP-HPLC). The peptide purity (> 
98%) was determined by analytical RP-HPLC (220 
nm) and the identity was confirmed by electrospray 
mass spectrometry. 

Nitrobenzoxadiazole (NBD)- and FLUOS-deriva- 
tives were obtained by reacting the Fmoc-deprotected 
resin-bound peptides with two equivalents of 7- 
chloro-4-nitrobenz-2-oxa-1,3-diazole or 5(6)- 
carboxyfluorescein-N-hydroxysuccinimide ester, re- 
spectively, for about 48 h at pH 8-9 and ambient 
temperature. 


2.3. Tritiated peptides 


With the exception of [*H]DAMGO, which was 
purchased from Amersham, the tritiated peptides were 
synthesized as described previously [13-15]. Before 
use, the labelled peptides, all exhibiting specific ra- 
dioactivities of about | Tbq/mmol, were cleaned up 
by HPLC to a radioactive purity > 95% and were 
mixed with the respective inactive parent compound 
to attain the required peptide concentration. 


2.4. Cell culture 


Calf aortic endothelial cells (BkEz-7; AEC), a 
12.—20. subculture of a cell line that was established 
and characterized by Halle et al. [16], were cultured 
to almost confluency (four days) in 24-well plates 
(10° cells/well) at 37°C in a humidified 3% CO, in 
air environment in Dulbecco’s modified Eagle’s 
medium (DMEM) (Biochrom, Berlin, Germany) con- 
taining 4.5 mg/ml of glucose, 100 U/ml of peni- 
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cillin, 100 pg/ml streptomycin and supplemented 
with 290 mg/Il glutamine and 10% fetal bovine 
serum (FBS; Sigma, Deisenhofen, Germany). 

Porcine endothelial cells (SEZ; MEM /5% FBS), 
human endothelial cells (ECV 304; M199 /10% heat 
inactivated FBS), murine corticotrophic pituitary tu- 
mour cells (AtT-20; DMEM /10% FBS), human neu- 
roblastoma cells (SK-N-SH; MEM Eagle’s /10% FBS 
supplemented with 1% non-essential amino acids, 1% 
sodium pyruvate and 1% glutamine (Biochrom), hu- 
man embryonic kidney tumour cells (HEK; MEM 
Earle’s /10% FBS supplemented with 1% non-essen- 
tial amino acids) and human hepatoma cells (Hep G2; 
MEM Eagle’s/10% FBS supplemented with 1% 
non-essential amino acids, 1% sodium pyruvate and 
1% glutamine) were cultured analogously. 

Brain microvessel endothelial cells (BEC) were 
isolated from fresh porcine brains, as described by 
Mertsch et al. [17]. The cells were plated into 24-well 
plates at an initial density of 5-10* cells/well and 
were cultured as outlined for AEC. In addition, the 
wells were coated with gelatine (Sigma, St. Louis, 
MO, USA) before plating and | ng/ml basic fibro- 
blast growth factor (Promega, Madison, WI, USA), 
100 wg/ml Heparin (H-3149, Sigma, St. Louis, MO, 
USA) and 0.5 wg/ml amphotericin (Biochrom) were 
added to the medium. The obtained monolayers 
proved to be more than 95% endothelial in origin and 
exhibited properties regarded to be typical for the 
blood—brain barrier (presence of tight junctions, y- 
glutamyl transpeptidase-, alkaline phosphatase- and 
angiotensin-converting enzyme activities, Factor VIII 
antigen) [17]. 


2.5. Uptake experiments 


After removing the culture medium, the cells were 
rinsed twice at 37°C with PBS—Dulbecco’s (Bio- 
chrom), supplemented with 1 g/1 glucose (DPBSG) 
and subsequently exposed to the substrates dissolved 
in DPBSG (150 ywl/well) for the indicated periods. 
Subsequently, the substrate solution was aspirated off 
and the cells were washed four times with ice cold 
PBS (within 2 min) and lysed by allowing them to 
stand for about 20 h at room temperature in a 0.1% 
solution of Triton X-100 containing 10 mM trifluoro- 
acetic acid (200 wl/well). For performing efflux 
experiments, the preloaded and washed cells were 


incubated with DPBSG (200 wl/well) at 37°C for 
indicated periods prior to lysis. For determination of 
the acid-sensitive bound proportion of cell-associated 
peptide, in some cases, an acid-wash step (incubation 
with 200 wl /well of 0.2 M acetic acid /0.05 M NaCl 
for 5 min at O0°C) was inserted between the normal 
wash process and lysis. The obtained extracts or 
lysates were utilized without further treatment for 
HPLC quantitation or liquid scintillation counting. 
Parts of the Triton-lysates were used for determin- 
ing the protein content, according to the method of 
Bradford [18]. In order to correlate the amount of 
protein with cell number, monolayers, grown under 
identical conditions in separate wells, were trypsinized 
and counted. For AEC, a ratio of 200 wg protein /10° 
cells was found by this procedure. The average vol- 
ume of AEC was determined to be 1.4 pl by means of 


a coulter-ZM counter (Coulter Electronics, Luton, 
UK). 


2.6. HPLC analysis 


HPLC was performed using a Bischoff HPLC 
gradient system (Leonberg, Germany) equipped with 
a Kromasil 100 C,,, 5-w~m column (250 X 4 mm 
I.D.), precolumns containing the same sorbent and a 
Rheodyne-RH 8125 injection valve with a 50-wl 
sample loop. The elution was performed with 0.01 M 
trifluoroacetic acid (TFA) (A) and acetonitrile—water 
(9:1, v/v) (B) (gradient from 30 to 60% B within 20 
min). Detection was performed by fluorescence using 
a fluorescence detector RF-551 (Shimadzu, Japan) at 
520 nm after excitation at 445 nm for prepurified 
FLUOS-labelled peptides (see below), at 350 nm 
after excitation at 285 nm for tryptophan-containing 
peptides and at 540 nm after excitation at 470 nm for 
NBD-labelled derivatives. The peaks corresponding 
to the intact peptides and their des-tyrosine metabo- 
lites were quantified using a Hyperdata Integration 
Workstation S I (Bischoff, Leonberg, Germany) on 
the basis of calibration lines established previously 
with pure references. If not specified otherwise, the 
so-determined quantities of incorporated peptide are 
generally indicated as the sum of intact peptide and 
detyrosinated metabolite. 

The cells’ own fluorescently active components 
did not interfere with detection of the peptides, even 
in the case of tryptophan-containing derivatives, so 











that pretreatment of the cell lysates could be avoided 
at the cost of a somewhat more frequent replacement 
of the precolumn. 


2.7. FLUOS derivatization 


To 70 wl of the sample solution, 10 wl of 2 M 
K ,HPO,, 10 wl of 23 wM cyclohexylalanine solution 
(internal standard) and 5 wl of a solution containing 
4.9 mg of 5(6)-carboxyfluorescein-N-hydroxysucci- 
nimide ester (Boehringer) in 100 wl of dimethylsulf- 
oxide were added and allowed to react for about 20 h 
at room temperature. Subsequently, the solution was 
mixed with 4 wl of 8 M NaOH and, after standing for 
at least 30 min, with 11 wl of 1.4 M H,PO,. HPLC 
was first carried out by eluting with 0.04 M phos- 
phate buffer, pH 7.4 (A) and acetonitrile—water (9:1, 
v/v) (B) with gradients from 9—28% B (0-20 min) 
and 28-85% B (20-30 min) at a flow-rate of 1.0 
ml/min. UV Detection was at 242 nm. The eluates 
containing the derivatized peptides and their amino- 
peptidase degradation products (16 to 21 min) were 
collected and concentrated to dryness by means of a 
vacuum centrifugal evaporator (Jouan, Unterhaching, 
Germany). Residuals, corresponding to 1 ml of the 
eluate, were dissolved in 100 wl of 0.5 M TFA 
containing 25% acetonitrile and subjected to the 
HPLC protocol described above for quantitation. 


2.8. Confocal laser scanning microscopy (CLSM) 


Cells (1 - 10*) were plated on 22 X 22 mm cover- 
slips, glued (with silicones RTV 615A /615B, Paul 
Hellermann, Pinneberg, Germany) above the hole (15 
mm D) of punched plastic Costar culture dishes (35 
mm D; Integra Biosciences, Germany) and cultured 
for four days, as described above. After removing the 
culture medium, the cells were exposed to solutions 
of the fluorescently labelled peptides in DPBSG (10- 
500 M) for 60 min at 37°C. Subsequently, the cells 
were washed four times with ice-cold PBS and cov- 
ered with about 200 wl of PBS. Microscopy was 
conducted within 10 min at room temperature using 
an LSM 410 inverted confocal laser scanning micro- 
scope (Carl Zeiss Jena, Jena, Germany). Excitation 
was performed at 488 nm by means of an argon— 
krypton laser and a dichroitic mirror (FT 510) for 
wavelength selection. Emission was measured at 515 
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nm using a cut-off filter (LP 515) in front of the 
detector. For optical sectioning in the z-direction, 
sixteen frames were made, with a thickness of 1 wm. 
Subsequent HPLC investigations of the incubation 
solution and of Triton X-100 lysates of the cells gave 
no indication of any metabolic breakdown of the 
peptides. 


3. Results 


3.1, Evidence for peptide incorporation after millimo- 
lar exposure of endothelial cells to enkephalin-de- 
rived peptides 


With the initial intention of examining the possibil- 
ity of whether or not natural amino acid transporters 
could be exploited for translocating small central 
active peptides through the blood—brain barrier, we 
exposed aortic- (AEC) and brain microvessel en- 
dothelial cells (BEC) to several enkephalin-derived 
peptides. Surprisingly, in all cases, we observed high 
degrees of peptide association onto the cells (Fig. 1). 
Incubation at 0O—4°C (2 mM peptide, 60 min; precool- 
ing the cells for 30 min) resulted in virtually no 
association to the cells (< 0.1 nmol/mg protein) so 
that non-specific adsorption could be ruled out as 
contributing noticeably and actual uptake into the cell 
interior had to be taken into consideration. 

Since both derivatives bearing an intact a-carboxy- 
and a-amino group (for recognition by amino acid 
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Fig. 1. Quantity of cell-associated peptide after exposure of aortic 
endothelial cells to 2 mM solutions of various enkephalin-derived 
peptides in DPBSG for 30 min at 37°C. Each bar represents the 
mean of three samples + SEM. 
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transporters, according to Smith [19]) and unmodified 
peptides exhibited comparable degrees of association 
to the cells (Fig. 1), the observed peptide uptake 
appeared to resemble more general phenomena, un- 
like our initial intention. Therefore, we extended our 
investigations with the goal of gaining insights into 
the mode and structural requirements for the transport 
events that were found. 

In order to facilitate detection and to render the 
degree of degradation by plasma membrane-associ- 
ated peptidases negligible, millimolar peptide concen- 
trations (0.2-10 mM) were employed in the first 
experiments. That the observed transport phenomena 
did not reflect artifacts, accounted for by these un- 
physiologically high peptide concentrations, was as- 
certained in subsequent investigations conducted in 
the low micromolar range using tritium-labelled pep- 
tides (see below). 


3.2. Time dependency of peptide translocation 


The uptake by the cells reached an equilibrium at 
about 20 min (Fig. 2). The efflux out of preloaded 
cells exhibited a complex course, indicating location 
of the cell-associated substrate within distinct com- 
partments (Fig. 3). From BEC, the release of the 
incorporated substrate proceeded considerably more 
rapidly than that from AEC (Fig. 3), suggesting a 
relation to the lower degree of uptake into BEC (Fig. 
3). 


3.3. Influence of the peptide structure on cellular 
uptake 


In order to obtain information about the structural 
requirements for the found peptide import, we modi- 
fied the N- and C-terminal amino- and carboxy-groups 
of Leu-enkephalin, respectively, and incorporated ba- 
sic and acidic residues and glycine into the N-termi- 
nal, C-terminal and middle regions of the molecule. 
Phenylalanine was generally replaced by tryptophan 
in this series to permit fluorescence detection during 
HPLC analysis. Since amidation of the C-terminus 
did not attenuate the uptake, in most cases, the more 
conveniently available amides were used (Table). 

The performed structural modifications only 
slightly influenced peptide import (Table), indicating 
poor structural specificity for the transport mecha- 














min 


Fig. 2. Quantity of cell-associated peptide after exposing AEC to 
2 mM YGGFL-e-K at 37°C for different periods of time. Each 
point represents the mean of three samples + SEM. 


nism. Generally, a positive effect of basic modifica- 
tion and, more surprisingly, of incorporation of 
glycine, is suggested by the data displayed in Table 
E, 


3.4. CLSM imaging after cell exposure to fluores- 
cently labelled peptides 


The poor structural specificity that was found 
should justify the use of N-terminally fluorescently 
labelled derivatives for directly demonstrating pep- 
tide uptake by CLSM, in spite of substantial alter- 
ations to the charge and lipophilicity, which were 
associated with the introduction of fluorescence la- 
bels into peptides. We, therefore, performed CLSM 
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Fig. 3. Liberation of cell-associated peptide at 37°C from AEC 
and BEC, which had been previously exposed to 2 mM YGGFL- 
€-K for 60 min at 37°C. Each point represents the mean of three 
samples + SEM. 











with AEC that had been previously exposed to the 
fluorescently labelled peptides NBD-GGFL, NBD- 
GGFL-e-K, NBD-RR-all-D-LWGGY-NH, and _all- 
D-RPRPQQFO-(FLUOS)GLM-NH,_ (all-p-FLUOS- 
SP). The CLSM images in all cases revealed actual 
peptide import into the cell interior and exhibited a 
similar pattern to that displayed by NBD-GGFL in 
Fig. 4. Analogous results to those found with AEC 
were also obtained with BEC (NBD-GGFL-e-K), pri- 
mary hypophysis cells (NBD-RR-all-pb-LWGGY- 
NH; Furkert et al., in prep.) and mast cells (FLUOS- 
SP and all-p-FLUOS-SP; Lorenz et al., in prep) (not 
shown). 


3.5. Cell viability and peptide degradation 


No differences were detectable between controls 
and cells treated with 2 mM peptide according to the 
protocol outlined above with respect to trypan blue 
exclusion and the MTT-viability test [20]. 

Due to the high peptide concentrations used, the 
proportion of the peptide that was degraded by pepti- 
dases during exposure to the cells remained clearly 


Table | 
Quantity of cell-associated substrate after exposure of aortic 
endothelial cells to various enkephalin-derived peptides “ 








Peptide nmol /mg protein 
YGGFL 0.57( + 0.13) 
YGGWL 0.60( + 0.17) 


0.71( + 0.05) 
0.63( + 0.19) 
0.80( + 0.04) 


N-Methyl-GYGGWL-NH, 
N-Dimethyl-GYGGWL-NH, 
SuccinylYGGWL-NH, 


YGGWLE-NH, 0.67( + 0.13) 
DAMGO 0.89( + 0.09) 
AcYGGWL-NH, 0.97( + 0.22) 
YGGWL-NH, 1.12(+0.11) 
EYGGWL-NH, 1.30(+ 0.13) 
GYGGWL-NH, 1.29( + 0.26) 
all-p-YGGWL-NH, 1.48(+ 0.27) 
YGGEWL-NH, 1.61(+0.19) 
RYGGWL-NH, 1.65( + 0.56) 
KYGGWL-NH, 1.90( + 0.08) 
AcKYGGWL-NH, 1.85(+ 0.27) 
YGGWLR-NH, 1.98( + 0.23) 
YGGRWL-NH, 2.12(+0.65) 
all-p-LWGGY-NH , 2.56( + 0.36) 
YGGWLG-NH, 2.40( + 0.26) 
YGGGWL-NH, 2.99( + 0.24) 
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‘ Incubation with 2 mM peptide dissolved in DPBSG for 30 min 
at 37°C (mean of three samples + SEM). 








Fig. 4. Confocal laser scanning microscopy image of a l-wm 
thick central horizontal optical section through AEC that nad 
previously been exposed to 0.7 mM NBD-GGFL in DPBSG for 
30 min at 37°C. Inset: The same section viewed in transmission 
mode. 


below 10%, so that the influence of enzymatic break- 
down upon the uptake was neglected. Correspond- 
ingly, the addition of 0.4 mM bestatin, a potent 
inhibitor of aminopeptidase N, the predominant pepti- 
dase activity residing on the surface of AEC [21,22], 
did not influence the amount of cell-associated pep- 
tide under the conditions used in this study. 

In order to obtain information about the possible 
effects of endogenous peptidases on the internalized 
substrate, YGGFL-e-K and YGGFL were exposed to 
Triton X-100 lysates of AEC or BEC at pH 7.2 
[1 - 10° cells, 1% Triton X-100 in 0.5 ml PBS-H,O 
(1/9, v/v); 0.2 mM peptide; 60 min, 37°C]. The 
modified peptide proved to be substantially more 
stable than leucine enkephalin under these conditions. 
About 50% of YGGFL-e-K remained intact, whereas 
95% of YGGFL was degraded. After exposure of the 
cells to acidic lysates (10 mM TFA in 0.1% Triton 
X-100), no cleavage of the peptides could be detected 
within 24 h at ambient temperature. 


3.6. Reproduction of the translocation events in the 
micromolar range 


Beside the metabolically stable enkephalin analog, 
[SH]DAMGO, we utilized several tritiated peptides 
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Fig. 5. Quantity of cell-associated peptide after exposing AEC to 
different concentrations of tritiated DAMGO for 30 min at 37°C. 
Each point represents the mean of three samples + SEM. 


that differed with respect to charge, size and modifi- 
cation of the N- or C-terminus (R-P-K-P-G-[*H]Y- 
OH; R-K-E-V-[°H]Y-OH; AcR-AcK-E-V-[*H]Y-OH 
and [*H]buserelin) for conducting transport experi- 
ments in the micromolar concentration range, in a 
manner analogous to that used in the millimolar 
range. 


To minimize the influences of enzymatic degrada- 
tion, we generally performed the uptake experiments 
in the presence of 0.2 mM bestatin. Under these 
conditions, more than 90% of the radioactivity in the 
incubation solution was attributable (by HPLC) to the 
intact peptide after exposure to the cells. From the 
cell-associated peptide portion, at least 40% coeluted 
with the intact peptide during subsequent HPLC anal- 
ysis, indicating uptake of the intact peptide. 


3.7. Concentration dependency of uptake 


The uptake of the enkephalin analog, DAMGO, 
into AEC proved to be linear from 10~° up to 107’ 
M (Fig. 5), rendering peculiarities for the high con- 
centration range unlikely. Uptake investigations per- 
formed with the other labelled and unlabelled pep- 
tides in the range 5-10 * to 10°’ M and from 10” 
to 2: 10~* M led to analogous results (not shown). 

Generally, the quantities of internalized peptide 
approached values corresponding to an equilibrium 
between intra- and extracellular peptide concentra- 


tions (taking into account the cell volume of 1.4 pl 
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Fig. 6. Quantity of cell-associated peptide after exposing AEC, pretreated with DPBSG or 25 mM 2-deoxyglucose—10 mM sodium azide 
in DPBS, respectively, for 60 min at 37 and 0°C, to 10 uM tritiated peptide in DPBSG without additives and in the presence of 25 mM 
2-deoxyglucose—10 mM sodium azide in DPBS, 20 1M vincristine in DPBSG, 100 wM 2,4-dinitrophenyl-S-glutathione (DNP-SG) in 
DPBSG and 100 wM sulfobromophthalein (BSP) in DPBSG for 60 min at 37 and 0°C. Each bar represents the mean of three 
samples + SEM. The differences between the respective controls and the asterisk-labelled bars are statistically significant at P < 0.05 
(Student’s f-test). 















and the protein content of 200 wg protein/10° cells 
given in the Section 2). 


3.8. Influences of metabolic and transport inhibitors 


To gain an insight into the mechanism of the 
observed peptide uptake, we exposed the cells to the 
peptides in the presence of various agents that are 
known to affect metabolism and transport events. 
Energy depletion and treatment with vincristine, an 
inhibitor of the multidrug resistance mediating efflux 
pump, P-glycoprotein [23], in most cases resulted in a 
slight reduction in uptake (Fig. 6). The presence of 
DNP-S-glutathione (DNP-SG) and bromosulfoph- 
thalein, known to serve as substrates for multidrug 
resistance-associated protein, glutathione conjugates- 
and large anion transporters [24—27], augmented or 
attenuated, respectively, the peptide incorporation, 
depending on the respective substrate (Fig. 6). This 
complex behaviour suggests the involvement of mul- 
tiple energy-consuming transporters exhibiting dis- 
tinct preferences for the inward or outward direction, 
respectively, and prevents clear kinetic characteriza- 
tion. 

That these reagents also influence the efflux out of 
the cells is illustrated in Fig. 7 for DNP-SG-treated 
cells. Conclusions concerning the reduced efflux rate 
in the presence of DNP-SG, which is apparent in Fig. 
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Fig. 7. Liberation of cell-associated peptide at 37°C from AEC 
into DPBSG without additives and in the presence of 100 wM 
2,4-dinitrophenyl-S-glutathione (DNP-SG), exposed previously to 
10 »M tritiated DAMGO for 60 min at 37°C alone or in the 
presence of 100 ~#M DNP-SG, respectively. Each point repre- 
sents the mean of three samples +SEM. 
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7 for the period from 5 to 30 min, and its relation to 
the enhanced uptake, can be drawn, however, only 
with caution. Because of a delayed onset of the 
effects, the agents had to be added prior to the 
preloading of cells, which resulted in different pep- 
tide levels for control- and reagent-treated cells and, 
probably, in the occupation of distinct compartments 
by the peptides. 

Brefeldin A, an inhibitor of vesicular transport 
[28], did not significantly affect the uptake (not 
shown), which argues against considerable contribu- 
tions being made by endocytic processes. 

The major part of the observed peptide uptake, 
however, remained uninfluenced by energy depletion 
and, therefore, must proceed in an energy indepen- 
dent way (Fig. 6). The substantially reduced uptake at 
O°C renders simple diffusion as unlikely to be in- 
volved and points to facilitated diffusion as the mech- 
anism for this energy-independent transport. Evi- 
dence for cotransport of protons or Na‘, however, 
often found associated with such a mechanism [29], 
could not be found. Alterations of the pH in the range 
of 7.2—5.5, treatment with the acidotropic agent, 
monensin (20 tM) [30], and replacement of Na* by 
choline, performed in this context, had no effect on 
peptide uptake (not shown). 


3.9. Discrimination between acid-sensitive and acid- 
resistant portions of cell-associated peptide by acid 
washes 


The levels of cell-associated peptide attained after 
incubation with 10 uM peptide at 0—4°C (Fig. 6) 
were relatively higher than those found in the mil- 
limolar concentration range, suggesting enhanced 
contributions of non-specific adsorption in the low 
concentration range. To obtain information about the 
degree of this non-specific adsorption, we performed 
an additional wash step with acetic acid—NaCl for 5 
min at 0°C, commonly thought to strip off adsorbed 
peptides [31]. Fig. 8 displays the cell-associated pep- 
tide, which was split into acid-sensitive and an acid- 
resistant (internalized) parts. Generally (except for 
RPKPGY at O°C), the acid-sensitive portion remained 
clearly below 50% of the total amount, which argues 
for an actual uptake of the greater part of the ob- 
served cell-associated peptide. Moreover, the signifi- 
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cant reduction in the acid-sensitive bound peptide 
portion observed in several cases after energy deple- 
tion (Fig. 8) raises questions regarding the assump- 
tion that the acid extract contains only surface-bound 
peptide. More likely, this finding suggests export 
from the cell interior, proceeding also throughout the 
extraction period at 0°C. That the cells exert residual 
transport activities at O°C is also suggested by the 
considerable amount of acid-resistant bound (internal- 
ized) peptide found after incubation at this tempera- 
ture (Fig. 8). 


3.10. Reproducing the transport events with other 
cell types 


In order to rule out the possibility that the found 
transport phenomena would reflect a peculiarity of 
AEC, we exposed several cell lines originating from 
different species and tissues to 10 pM tritiated 
DAMGO at 37°C and 0°C and after energy depletion. 
The results of these experiments are displayed in Fig. 
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Fig. 8. Acid-sensitive and acid-resistant quantities of cell-associ- 
ated peptide after exposing AEC, pretreated with DPBSG or 25 
mM 2-deoxyglucose—10 mM sodium azide in DPBS, respec- 
tively, for 60 min at 37 and 0°C, to 10 pM tritiated peptide in 
DPBSG without additives and in the presence of 25 mM 2-de- 
oxyglucose—10 mM sodium azide in DPBS for 60 min at 37 and 
0°C. The acid-sensitive and acid-resistant proportions of the 
cell-associated peptide were assessed after incubating the washed 
cells in 0.2 M acetic acid containing 0.05 M NaCl for 5 min at 
O°C before lysing the cells and measuring the radioactivities of 
both the acid extract and the lysate. Each bar represents the mean 
of three samples +SEM. The differences between the respective 
controls and the asterisk-labelled bars are statistically significant 
at P < 0.05 (Student’s r-test). 
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Fig. 9. Acid-sensitive and acid-resistant quantities of cell-associ- 
ated peptide after exposing various cell types originating from 
different species and organs to 10 pM tritiated DAMGO, accord- 
ing to the conditions specified in the legend to Fig. 8. Each bar 
represents the mean of three samples+SEM. The differences 
between the respective controls and the asterisk-labelled bars are 
statistically significant at P < 0.05 (Student’s f-test). 


9 and reveal, despite clear quantitative differences, 
considerable analogy to that found previously with 
AEC. This finding supports the notion that the ob- 
served transport phenomena would reflect a more 
general behaviour of mammalian cells, which has 
been suggested also by the above outlined analogies 
found between the results obtained with AEC and 
BEC, respectively, in the millimolar range, and of 
AEC and various cell types in CLSM studies. 


4. Discussion 


This study provides evidence that oligopeptides 
containing more than five amino acid residues are 
capable of extensively crossing plasma membranes of 
living cells. So far, such an ability was demonstrated 
only for di- and tripeptides [6,32,33] and for a limited 
number of oligopeptides possessing specific trans- 
porters at the blood—brain barrier [8,9]. 

Our findings contradict prevailing opinion that the 
repeatedly reported inefficiency of externally admin- 
istered oligopeptides against recognition domains of 
signal proteins or intracellular enzymes would be 
accounted for primarily by poor permeability of pep- 
tides across the plasma membranes and point to 











export processes being a more decisive factor in this 
context. 

This notion appears reconcilable with recent specu- 
lation about the residence of, as yet undetected, pep- 
tide transporters of the ABC-transporter type in the 
plasma membrane of mammalian cells being opera- 
tive preferably as efflux pumps [34-36]. The influ- 
ence of energy depletion on the cellular uptake pro- 
cess, and of the P-glycoprotein- and MRP-substrates, 
vincristine and DNP-SG, respectively, [23-25], ob- 
served in the current work, support such speculations. 
Likewise, these observations provide the first clues to 
the mechanism for one part of the found translocation 
events. 

The majority of the peptide transport described 
here, however, proceeded by energy-independent 
mechanisms. The energy independence, in conjunc- 
tion with the levels of internalized peptide, approach- 
ing an equilibrium between external and internal 
concentrations, and the substantially reduced uptake 
at O°C, point to facilitated diffusion as the mechanism 
for this part of peptide translocation. 

Non-specific adsorptive endocytosis or pinocytosis 
can only partly explain the transport phenomena found 
in the present study, taking into consideration the 
high intracellular peptide levels attained and presum- 
ing a total volume for endocytic vesicles of only 
about 10% of that of the entire cell [37]. An explana- 
tion by these mechanisms is further compromised by 
the observed high exchange rates, of the order of 
minutes, considering that periods of 1—2 h are com- 
monly required for the turnover of endocytic vesicles 
between a cell’s interior and the plasma membrane 
[38]. Moreover, brefeldin A, an inhibitor of vesicular 
transport [28], had no influence upon peptide uptake. 

The very specific transporters for enkephalin-like 
peptides [8,9] can be ruled out as accounting for the 
transport phenomena observed here, because of the 
lack of saturability and poor structural specificity. 
These features tempt one to speculate that the pep- 
tides might be capable of exploiting transport facili- 
ties that were originally destined for non-peptidic 
substrates. Preliminary experiments point to amino 
acid transporters and putative protein channels as 
probable candidates for mediating such transport. 
Other preliminary experiments suggest an analogy to 
the behaviour of several membrane-permeable am- 
phipathic peptides, which have been reported to ex- 
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tensively cross the plasma membrane of mammalian 
cells by an unknown mechanism [39-41]. These is- 
sues will be addressed in future studies. 

This study provides evidence for the existence of 
efficient and non-specific facilities for translocating 
small peptides in the plasma membranes of mam- 
malian cells. The ability of peptides to extensively 
cross plasma membranes calls for altered strategies to 
attain intracellular activity that consider not only 
metabolic stability and propensity to traverse lipidic 
membranes, the currently most widespread practice, 
but also efforts to minimize peptide export out of the 
cells. 
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Abstract 


The interactions between B-lactoglobulin and 1l-monostearoyl-glycerol were studied in order to gain insight into 
protein—gel-phase monoglyceride interactions. Using a monomolecular layer at the air—water interface, we determined the 
insertion of B-lactoglobulin into the monoglycerides under different conditions of protein and surface charge by varying the 
pH and/or incorporating charged amphiphiles into the monolayer, respectively, and using subphases with either a low or 
high ionic strength. The interactions were quantified by determining the binding of “C-labeled B-lactoglobulin to the 
monolayer. Our results show the importance of electrostatics for binding of B-lactoglobulin to condensed monoglycerides. 
Moreover, electrostatic interactions were found to be important for specific insertion of B-lactoglobulin into the monolayer. 
A negatively charged surface in particular allowed positively charged B-lactoglobulin to insert in a surface charge 
density-dependent manner, even at surface pressures as high as 36 mN/m, whereas under other conditions, the limiting 
insertion pressure was 32 mN/m. The rheological properties of the monolayer were not affected by the interactions with 
B-lactoglobulin. © 1997 Elsevier Science B.V. 


Keywords: Protein-lipid interaction; Condensed monolayer; Monoglyceride; 8-Lactoglobulin 





1. Introduction packed gel-phase bilayer structures that are separated 
by aqueous compartments [1-3]. The size of these 
aqueous compartments can be increased by adding 
small amounts of charged amphiphiles to the mono- 
glyceride, providing such systems with interesting 


properties for application in the food industry, in 


Aqueous dispersions of commonly used long chain 
saturated monoglycerides are able to form densely 
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particular in low-fat products [4]. Proteins may be 
entrapped in the aqueous compartments and could 
interact with the lipid phase and thus influence the 
properties of the monoglyceride system. In contrast to 
the interactions between proteins and other lipid bi- 
layers, i.e. biological membranes, virtually nothing is 
known about a possible interaction between proteins 
and gel-phase monoglycerides. Such interactions 
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could involve binding and adsorption of a protein to 
the interface or even penetration of a protein into the 
bilayer. However, it is generally difficult for proteins 
to penetrate into gel-phase phospholipid bilayers. On 
the other hand, the nature and extent of any given 
lipid—protein interaction may not be entirely deter- 
mined by the packing density of the lipids; the type 
of interface presented by the lipids is also an impor- 
tant parameter. Therefore, studying monoglyceride— 
protein interactions also offers many interesting op- 
portunities from the point of view of understanding 
biomembrane structure and function, because a 
monoglyceride ‘‘membrane’’ presents a stable inter- 
face containing only free hydroxyls as polar groups 
to a protein. In this respect, it is intriguing that 
monoglyceride cubic phases allowed the crystalliza- 
tion of membrane proteins [5]. 

In the present study, we investigated, using the 
monolayer technique, the interaction between a glob- 
ular protein and one layer of a gel-phase monoglyc- 
eride bilayer. For this purpose, the most abundant 
whey protein, B-lactoglobulin (B-LG), and a gel- 
phase-forming monoglyceride, 1-monostearoyl- 
glycerol (MSG), were used. The interactions between 
B-LG and MSG were characterized by determining 
the binding and insertion of 8-LG into the monoglyc- 
eride monolayer and the effect of B-LG on the 
rheology of the monolayer. Bovine B-LG was used 
because it is a well-characterized globular protein of 
which two major, B-LG A and B, and several minor 
genetic variants are found in bovine milk. The protein 
consists of 162 amino acids and has a molecular 
weight of 18 kDa and an isoelectric point (IEP) of 5.2 
[6]. The structure consists of an eight-stranded anti- 
parallel B-barrel and one N-terminal a-helix, which 
is followed by a ninth B-strand. All of these struc- 
tural elements are connected by large loops of ran- 
dom coil, which account for about 50% of the struc- 
ture. The protein also contains one disulfide bridge 
and one free thiol group [7,8]. 

Since monoglycerides are uncharged, it can be 
envisioned that the addition of a surface charge will 
also affect the interaction between the monoglyc- 
erides and a protein. It has been shown that a surface 
charge can be an important factor for the interaction 
of peptides and proteins with membranes [9-11], 
including the interaction of B-LG with phospholipid 
monolayers [12]. Therefore, we included in our stud- 


ies the effect of incorporating small amounts of 
dicetylphosphate (DCP) or stearylamine (SA) in the 
monolayer, to give a negatively or positively charged 
surface, respectively. The results show the impor- 
tance of electrostatics for the interaction between 
8-LG and the monoglycerides, and, moreover, that 
the protein is, under specific conditions, able to pene- 
trate into a densely packed MSG monolayer. 


2. Materials and methods 
2.1. Materials 


Bovine B-lactoglobulin (a mixture of genetic vari- 
ants A and B), 1-monostearoyl-rac-glycerol, 1-mono- 
palmitoyl-rac-glycerol and  1-monooleoyl-rac- 
glycerol, DCP and SA were obtained from Sigma (St. 
Louis, MO, USA) and were used without further 
purification. Ultra-pure bovine 6-lactoglobulin 
(genetic variant A) was a generous gift from Dr. C.G. 
de Kruif (NIZO, the Netherlands). Tris was obtained 
from Baker (Deventer, the Netherlands), sodium ac- 
etate, KH,PO, and NaCl were from Merck (Darm- 
stadt, Germany), fast-flow Q-Sepharose was from 
Pharmacia (Uppsala, Sweden), ['*C]formaldehyde (58 
wwCi/ymol) was from Dupont NEN (Mechelen, Bel- 
gium) and NaBH,;CN was obtained from Across 
(Geel, Belgium). 


2.2. Modification of B-LG 


A '“C label was introduced into B-LG by reductive 
methylation with ['*C]formaldehyde and NaBH ,CN 
[13]. B-LG was dissolved to a final concentration of 
54 pM in a 0.2-M KH,PO, buffer at pH 7.0. 
['*C]Formaldehyde and NaBH;CN were added to 
give final concentrations of 0.16 and 1.6 mM, respec- 
tively. The mixture was then incubated overnight at 
room temperature. After the reaction, the incubation 
mixture was loaded on a Q.5-ml fast-flow Q-Sep- 
harose column that had been equilibrated with 20 
mM Tris, pH 7.0. After washing the column with 5.0 
ml of 20 mM Tris, pH 7.0, B-LG was eluted from the 
column with 1.0 ml of 500 mM NaCl, 20 mM Tris, 
pH 7.0. The resulting B-LG had a specific radioactiv- 
ity of 105000 dpm/nmol, corresponding to a stoi- 
chiometry of the reaction of 0.8 mole label /mole 
protein. 











8-LG was heat-denatured under conditions re- 
ported to induce the formation of large covalent 
aggregates [14,15]. To this end, 15 mg of B-LG 
dissolved in 1 ml of 20 mM Tris, 10 mM NaCl, pH 
7.0, were incubated overnight at 65°C. 


2.3. Monolayer experiments 


Surface pressures were measured by the Wilhelmy 
plate method in Teflon troughs at 22°C, using a paper 
(a—A curves) or platinum plate [16]. Buffers used 
were: 20 mM sodium acetate (pH 4.0 and pH 5.2) 
and 20 mM Tris (pH 7.0), with or without 100 mM 
NaCl. Appropriate amounts of lipid stock solutions, 
dissolved in CHCl,—MeOH (3:1, v/v), were spread 
on the subphase. Unless stated otherwise, a 9:1 
monoglyceride-charged amphiphile molar ratio was 
used for experiments requiring a charged monolayer. 

Surface pressure—area (771—A) curves were mea- 
sured using a 0.8-1 trough (32.2 x 17.3 X 1.5 cm) 
equipped with a moveable barrier. The films were 
compressed at a rate of 80 cm? /min. 

The insertion of B-LG into monoglyceride mono- 
layers was studied using a 6-ml Teflon dish with a 
surface area of 8.8 cm*. The whole experimental 
set-up was placed in a thermostated box. The sub- 
phase was continuously stirred with a magnetic bar. 
Initial surface pressures ranged from 25 to 36 mN/m. 
A 10-wl volume of a B-LG stock solution (0.82 mM) 
was injected under the monolayer through a separate 
hole in the Teflon dish, giving a final B-LG concen- 
tration of 1.4 wM. The addition of more B-LG did 
not result in larger increases in the surface pressure. 
The error in these experiments was 0.2 mN/m. 

Binding experiments were performed using a 20-ml 
trough (5.5 X 6 X 0.6 cm) that was connected to two 
reservoirs via a circulation pump. Initial surface pres- 
sures were 26 or 32 mN/m. A 50-wl volume of a 
['*C]B-LG stock solution (26.6 ~M) was injected 
under the monolayer, giving a final B-LG concentra- 
tion of 0.07 wM. This lower B-LG concentration 
gave similar surface pressure increases as those ob- 
served using 1.4 w~M £B-LG, as used for the insertion 
experiments. The surface radioactivity was deter- 
mined with a Berthold LB 203E gas flow counter. 
After the surface tension and radioactivity of the 
monolayer became stable, the subphase was washed 
with 100 ml of the appropriate buffer by flushing at a 
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flow-rate of 6 ml/min. The monolayer was subse- 
quently collected in a scintillation vial by aspiration 
through a glass capillary while manually decreasing 
the surface area with a barrier. The radioactivity of 
the samples was determined with a Packard TRI- 
CARB 1500 scintillation counter (Downers Grove, 
IL, USA), and the result was corrected for the value 
measured in an equal volume of subphase. 

The surface dilatation elasticity was measured as 
described by Paternotte et al. [17] using a 1.2-] trough 
(45.0 X 15.2 X 1.5 cm) equipped with a moveable 
barrier. A 1.0-ml volume of a B-LG stock solution 
(1.4 mM) was injected under the monolayer, giving a 
final 8-LG concentration of 1.2 4M in the subphase. 
The initial surface pressure was 20 mN/m and final 
surface pressures ranged from 38 to 47 mN/m. 
Measurements were performed at several surface 
pressures by compressing the monolayer in a step- 
wise manner. After each compression step, the dilata- 
tion elasticity was determined by oscillating the bar- 
rier sinusoidally at a frequency of 0.15 Hz and at an 
amplitude of 4% of the mean surface area. 


3. Results 


In order to characterize the state of the monolayer, 
the surface pressure—area (7—A) curve of 1-mono- 
stearoyl-glycerol (MSG) was determined and com- 
pared to those of: 1-monopalmitoyl-glycerol (MPG) 
and 1-monooleoyl-glycerol (MOG) (Fig. 1). The m—A 
curve of MOG is typical for lipids in the expanded- 
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Fig. 1. Surface pressure—area curves for: 1-monostearoyl-glycerol 
(1), 1-monopalmitoyl-glycerol (2) and 1-monooleoyl-glycerol (3) 
at 22°C on water. 
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phase. The relatively large molecular area of 0.312 
nm? at the collapse pressure can be attributed to the 
cisA9 double bond. MPG shows a phase transition 
from the expanded- to the condensed-phase at a 
surface pressure of 5 mN /m and a molecular area of 
0.56 nm°. In the expanded-phase, i.e. below 5 mN/m, 
the molecular area of MPG is comparable to that of 
MOG. The wt—A curve of MSG is characteristic for a 
lipid in the condensed-phase with little compressibil- 
ity, a phase similar to the gel-phase of lamellar 
systems, and its limiting molecular area of 0.254 nm? 
is significantly higher than those found for the single 
chain surfactants, stearic acid and stearyl alcohol 
[18]. This higher value of MSG could result from a 
tilted orientation of the acyl chain, as found in liquid 
crystals [1,19,20], or it could be attributed to the 
presence of the larger polar headgroup. The collapse 
pressure of 45 mN/m is remarkably high and compa- 
rable to that of phosphatidylcholines [16]. Because 
the aim of this study was to investigate the interac- 
tion between a protein and gel-phase, i.e. condensed 
monoglycerides, MSG was used for all further exper- 
iments. Furthermore, MSG forms very stable mono- 
layers, whereas MPG shows a decline at higher sur- 
face pressures, as was also found by de la Fuente 
Feria and Rodriguez Patino [21]. 

In the absence of monoglycerides, the surface 
activity of B-LG results in a protein monolayer with 
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Fig. 2. Time dependence of the B-LG-induced surface pressure 
increase in the absence (solid line) or presence (dotted line) of 
100 mM NaCl. The buffer used was 20 mM Tris, pH 7. At t = 0, 
8-LG was injected into the subphase to give a final concentration 
of 1.4 pM. 
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Fig. 3. ®-LG-induced surface pressure increase as a function of 
the initial surface pressure of neutral MSG monolayers. The 
buffers used were 20 mM Tris, pH 7 (panel A) or 20 mM sodium 
acetate, pH 4 (panel B), either with (closed symbols) or without 
(open symbols) 100 mM NaCl. The B-LG concentration in the 
subphase was 1.4 pM. 


a surface pressure of 22.8 mN/m, at pH 7 (Fig. 2) 
and pH 4 (not shown). The presence of 100 mM 
NaCl in the subphase increases the surface activity of 
B-LG at pH 7 to 27.4 mN/m (Fig. 2), indicating an 
increased hydrophobicity of the protein, while no 
significant effect was observed at pH 4 (not shown). 
Because of the surface activity of the protein, all 
insertion and binding experiments were performed 
using monolayers with initial surface pressures (17; ) 
of 25 mN/m or higher. 

Injection of B-LG under a MSG monolayer leads 
to a protein-induced surface pressure increase (A7) 
of the monolayer, the extent of which depends on the 
lipid composition of the monolayer, and on the pH 
and ionic strength of the subphase. The B-LG-in- 
duced Av as a function of the initial surface pressure 
of a neutral MSG monolayer (7,—A7r) under various 
conditions is shown in Fig. 3. Extrapolation to high 
initial surface pressures provides the limiting inser- 









tion pressure (7,) at which the protein is no longer 
able to insert into the monolayer. At pH 7, the 7, for 
8-LG insertion into a neutral MSG monolayer is 30 
mN /m (Fig. 3A), while at pH 4, this was found to be 
32 mN/m (Fig. 3B). Similar results were obtained at 
pH 5.2, the IEP of B-LG (not shown). Addition of 
100 mM NaCl to the subphase has a stimulating 
effect on B-LG insertion, at pH values of 7 and 4. 
The addition of charged amphiphiles to the MSG 
monolayer affects the interaction between the mono- 
layer and B-LG. Fig. 4 shows the effect of incorpo- 
rating small amounts of the anionic amphiphile, DCP, 
into a MSG monolayer with a 7, of 25 mN/m at pH 
4, i.e. with B-LG and the monolayer having opposite 
charges. A non-linear relationship was observed. Ini- 
tially, at DCP concentrations up to 5 mole%, no 
additional effect is observed. Above 5 mole% DCP, 
however, larger surface pressure increases were in- 
duced by B-LG, an effect which leveled off at 10 
mole% DCP. No reliable data could be obtained 
above 10 mole% as a result of the monolayer becom- 
ing less stable. The increased insertion observed in 
the 5—10 mole% DCP range is specific for this set of 
conditions. Larger B-LG-induced Ams were not ob- 
served at pH 7, where B-LG and the monolayer are 
both negatively charged. Moreover, larger Atrs were 
also not observed when the charges of B-LG and the 
monolayer were reversed by incorporating SA into 
the monolayer and performing the experiment at pH 
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Fig. 4. B-LG-induced surface pressure increase as a function of 
the mole percentage of DCP in a MSG monolayer. The initial 
surface pressure was 25 mN/m. The buffer used was 20 mM 
sodium acetate, pH 4. The B-LG concentration in the subphase 
was 1.4 pM. 
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Fig. 5. 8-LG-induced surface pressure increase as function of the 
initial surface pressure of negatively charged MSG /DCP mono- 
layers. The concentration of DCP in the monolayer was 10 
mole%. The buffers used were 20 mM Tris, pH 7 (panel A) or 20 
mM sodium acetate, pH 4 (panel B), either with (closed symbols) 
or without (open symbols) 100 mM NaCl. The B-LG concentra- 
tion in the subphase was 1.4 pM. 


7. Based on these observations, all further experi- 
ments with charged monolayers were performed us- 
ing a charged amphiphile concentration of 10 mole%. 

Incorporation of 10 mole% DCP into a MSG 
monolayer had little effect on the m7—Am curve at 
pH 7 (Fig. 5A). Both in the presence and absence of 
100 mM NaCl, the 7—Am curves are similar to those 
observed using neutral MSG monolayers, and a com- 
parable 7, of 32 mN/m was found in both cases. 
However, at pH 4, with B-LG and the surface having 
opposite charges, another interaction is observed and, 
as a result, B-LG insertion is increased (Fig. 5B). 
Consequently, the B-LG-induced Ams are larger (cf. 
Fig. 4) and no clear 7, seems to be reached, distinct 
8-LG-induced Ams are also observed above 32 
mN /m, at surface pressures as high as 36 mN/m. In 
the presence of 100 mM NaCl, no B-LG-induced 
Atrs were observed above a 7, of 32 mN/m, but the 
Atrs observed at surface pressures below 32 mN/m 
are still larger than those observed using neutral 
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monolayers. Interestingly, heat denaturation did not 
abolish the ability of B-LG to insert at high initial 
surface pressures and a curve similar to that observed 
with the native protein was obtained (not shown). 
Furthermore, using an ultra-pure sample of B-LG A 
also resulted in a curve similar to that observed with 
the mixture of B-LG A and B obtained from Sigma, 
ruling out the possibility of contamination effects. 

No large effects on the B-LG-induced Atts were 
observed when 10 mole% of the positively charged 
amphiphile, SA, were incorporated into MSG mono- 
layer (Fig. 6). Also, no stimulating effect of a higher 
ionic strength was observed at pH 7, while at pH 4, 
where both B-LG and the monolayer are positively 
charged, there is even a small negative effect on the 
insertion of B-LG into the MSG/SA monolayer, 
possibly as a result of charge shielding. 

In order to quantify the binding of B-LG to the 
MSG monolayers, “C-labeled B-LG was used. In 
Fig. 7, two typical experimental curves are depicted. 
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Fig. 6. 8-LG-induced surface pressure increase as a function of 
the initial surface pressure of positively charged MSG/SA mono- 
layers. The concentration of SA in the monolayer was 10 mole%. 
The buffers used were 20 mM Tris, pH 7 (panel A) or 20 mM 
sodium acetate, pH 4 (panel B), either with (closed symbols) or 
without (open symbols) 100 mM NaCl. The B-LG concentration 
in the subphase was 1.4 pM. 
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Fig. 7. Time dependence of B-LG binding (surface radioactivity) 
and insertion (surface pressure increase) into a MSG/SA mono- 
layer at pH 7 (panel A) or a MSG/DCP monolayer at pH 4 
(panel B). SA and DCP concentrations were 10 mole%. At t = 15 
min, ['*C]8-LG was injected to give a final concentration of 0.07 
1M in the subphase. Between t = 65 and t= 80 min, the sub- 
phase was washed with 100 ml of buffer (dotted line). The 
buffers used were 20 mM Tris, pH 7 or 20 mM sodium acetate, 
pH 4. 


Although no insertion of B-LG into a MSG/SA 
monolayer with a 7, of 32 mN/m is observed at pH 
7 (cf. Fig. 6), it is clear that B-LG binds to such a 
monolayer, as revealed by the increased surface ra- 
dioactivity (Fig. 7A). However, most of the bound 
protein is removed from the monolayer upon wash- 
ing, indicating a loose association. The interaction 
between B-LG and a MSG/DCP monolayer at 32 
mN /m and pH 4 leads to insertion of the protein and 
a concomitant increase in the surface radioactivity 
(Fig. 7B). However, washing now results in only a 
partial loss of the B-LG bound to the surface. The 
role of electrostatics in the binding of B-LG to MSG 
monolayers is apparent from Fig. 8. When using 
monolayers containing a surface charge that is oppo- 
site to that of B-LG, optimal binding was observed 
with a low ionic strength in the subphase. A high 



















ionic strength in the subphase prevented the binding 
of B-LG to both positively and negatively charged 
MSG monolayers. Furthermore, a high ionic strength 
in the washing buffer resulted under all conditions in 
the removal of the B-LG bound to the monolayer. In 
contrast, a washing buffer with a low ionic strength 
did not completely remove the $-LG bound to 
MSG /DCP (cf. Fig. 7). Only small amounts of B-LG 
were found to interact with neutral MSG monolayers, 
even under conditions, i.e. at a 7; of 26 mN/m, 
where the protein does insert (cf. Fig. 3). 

To gain further insight into the B-LG—MSG mono- 
layer interaction, the effect of B-LG on the rheologi- 
cal properties of the monolayer were studied. In Fig. 
9, the surface dilatation elasticity modulus (€) of 
different MSG monolayers in the absence or presence 
of 8-LG are shown as function of the surface pres- 
sure. The € of the neutral MSG monolayer is compa- 
rable to that of a distearoylphosphatidylcholine 
monolayer [16]. Clear differences are indeed ob- 
served between the various MSG monolayers in the 
absence of B-LG, reflecting the sensitivity of this 
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Fig. 8. Surface binding of ['*C]B-LG, before (open + closed bar) 
and after (closed bar) washing of the subphase, to MSG, 
MSG /SA and MSG/DCP monolayers at pH values of 5.2, 7 and 
4, respectively. Conditions: (A) 7;,=26 mN/m, (B) a; = 32 
mN/m, (C) 7, =32 mN/m with 100 mM NaCl added to the 
subphase and (D) 7; = 32 mN/m with 100 mM NaCl added to 
the washing buffer. The buffers used were 20 mM sodium acetate 
(pH 4), 20 mM sodium acetate (pH 5.2) and 20 mM Tris (pH 7). 
SA and DCP concentrations were 10 mole%. The ['*C]8-LG 
concentration in the subphase was 0.07 w~M. B-LG binding was 
determined by measuring the surface radioactivity before and 
after washing and by measuring the radioactivity of the monolay- 
ers collected after washing of the subphase. 
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Fig. 9. Surface dilatation elasticity modulus (€) of neutral MSG 
(circles), positively charged MSG/SA (squares) and negatively 
charged MSG/DCP (triangles) monolayers as a function of the 
surface pressure, either in the absence (open symbols) or pres- 
ence (closed symbols) of B-LG. DCP and SA concentrations 
were 10 mole%. The buffers used were 20 mM Tris, pH 7 
(positively charged monolayer) or 20 mM sodium acetate, pH 4 
(neutral and negatively charged monolayers). The B-LG concen- 
tration in the subphase was 1.2 wM. 


technique for small variations in the lipid composi- 
tion of the monolayer. The presence of SA in the 
MSG monolayer causes a small decrease in € at 
higher surface pressures, while e€ is reduced at all 
surface pressures when DCP is added to the mono- 
layer. However, the presence of B-LG had no de- 
tectable effect on € under all of the conditions tested, 
indicating that the rheological properties are primar- 
ily determined by the lipid layer itself and less so by 
the adsorbed protein. 


4. Discussion 


It is clear from our results that B-LG is able to 
interact with condensed monoglyceride monolayers 
under various conditions. When using neutral MSG 
monolayers, the protein is able to insert into the 
monolayer at initial surface pressures of up to 32 
mN/m. The hydrophobic nature of this interaction 
follows from the stimulating effect of the increased 
ionic strength of the subphase, in particular, at pH 4, 
where the hydrophobicity of the protein itself is 
unaffected. The interaction therefore probably in- 
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volves some of the hydrophobic patches on the sur- 
face of B-LG, one of which could be the putative 
binding site for retinol and other hydrophobic com- 
pounds [8]. The pH of the subphase, on the other 
hand, had no effect on the insertion of B-LG into a 
neutral MSG monolayer, indicating that, in contrast 
to a protein monolayer, the conformational change of 
8-LG, which occurs between pH values of 4 and 6 
[22,23], does not affect its interaction with a neutral 
MSG monolayer. 

No reduction of the B-LG-induced surface pres- 
sure increase was observed when a surface charge of 
the same sign as that of B-LG was introduced into 
the monolayer, meaning that an electrostatic repul- 
sion by the monolayer does not affect the insertion of 
8-LG, further pointing to the importance of hy- 
drophobic contacts for its insertion. The importance 
and effects of electrostatics were revealed by the 
interaction of B-LG with a monolayer that was oppo- 
sitely charged. When injected under a positively 
charged MSG/SA monolayer, the binding of B-LG 
to the monolayer was found to be increased at pH 7. 
However, the insertion of B-LG into the monolayer 
was comparable to that observed with neutral mono- 
layers, 7, not exceeding 31 mN/m, and the B-LG 
bound to a MSG/SA monolayer could be largely 
removed by washing with a low ionic strength buffer. 
Both of these observations indicate that the electro- 
static interaction between $8-LG and a positively 
charged monolayer is relatively weak. Interestingly, 
the reduced insertion of B-LG observed below 31 
mN/m at pH 4 in the presence of a high ionic 
strength, i.e. as a result of charge shielding, indicates 
that this electrostatic interaction can still stimulate the 
insertion of B-LG into a MSG/SA monolayer, albeit 
weakly. In the reversed situation, with B-LG being 
positively- and the monolayer negatively charged, a 
stronger interaction was observed. Firstly, because, at 
pH 4, 6-LG is able to insert into negatively charged 
MSG/DCP monolayers at initial surface pressures 
far above 32 mN/m. Secondly, only a fraction of 
8-LG was removed from the monolayer after wash- 
ing. The importance of electrostatics for this stronger 
interaction between B-LG and a MSG/DCP mono- 
layer follows from the results obtained in the pres- 
ence of 100 mM NaCl. A high ionic strength first of 
all effectively prevented, or abolished, the binding of 
8-LG to the monolayer and, furthermore, abolished 


the ability of B-LG to insert at initial surface pres- 
sures higher than 32 mN/m. 

From the amounts of protein associated with a 
monolayer, it is possible to estimate the average area 
occupied by a protein in the monolayer, assuming 
that the molecular areas of the components of a 
monolayer are additive and knowing the area occu- 
pied by the lipids as a function of surface pressure 
[24,25]. The observed amounts of B-LG bound to a 
MSG/DCP monolayer at pH 4 mean that, when 
taking into account the dimensions of B-LG (molecu- 
lar area ~ 21 nm? [7,8]), the protein covers 30 or 
18% of the total available area before and after 
washing of the subphase, respectively. These amounts 
of B-LG induce a surface pressure increase of about 
1 mN/m in a monolayer with an initial surface 
pressure of 32 mN/m. Inspection of the m—A curve 
of the monolayer shows that, under similar condi- 
tions, the area occupied by the lipids decreases by 
0.06% and that only 0.07 nm’, i.e. less then the area 
of a methyl group, is available per bound B-LG 
molecule for insertion. From this, we conclude that 
only a fraction of the B-LG bound to the MSG/DCP 
monolayer inserts and that, consequently, two popula- 
tions of B-LG are present at the MSG/DCP surface, 
one inserted and one adsorbed. It is as yet unclear 
what the exact nature of the two different B-LG 
populations at the MSG/DCP monolayer is. It is, 
however, highly unlikely that this behavior of B-LG 
is due to the presence of minor contaminations in the 
protein sample, because similar results were obtained 
using an ultra pure sample prepared at the NIZO. The 
conclusion that only a fraction of the bound B-LG 
inserts into the monolayer is supported by the finding 
that only very small amounts of B-LG were bound to 
a neutral MSG monolayer under conditions, 1.e. at a 
mt. of 26 mN/m, where a At was observed that is 
higher than that observed with a MSG/DCP mono- 
layer, of 32 mN/m at pH 4. Furthermore, no effects 
were observed on the surface dilatation elasticity, 
which can be expected when large amounts of protein 
insert into a lipid monolayer [17]. 

The difference in insertion of B-LG bound to 
eithera MSG/SA monolayer at pH 7 or a MSG /DCP 
monolayer at pH 4 probably does not find its origin 
in simple electrostatics because the relationship be- 
tween surface charge and B-LG-induced Ats was 
either not observed (pH 7) or not linear (pH 4). Also, 
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the increased insertion of B-LG into a MSG/DCP 
monolayer below 32 mN/m at pH 4 was unaffected 
by a high ionic strength; a high ionic strength only 
affected the insertion above 32 mN/m. The observed 
difference could result from structural differences of 
8-LG bound to the surface. These structural differ- 
ences are, however, not likely to be those found in 
solution, because no differences between pH 4 and 
pH 7 were observed with neutral monolayers and 
heat-denaturation of the protein also had no effect. 
We therefore propose that the difference results from 
an anionic amphiphile-induced structural change in 
8-LG. This structural change may not be very dra- 
matic but is probably large enough to allow addi- 
tional hydrophobic parts of the protein to insert into 
the densely packed monolayer. That anionic am- 
phiphiles are able to affect the structure of a protein 
is not unlikely — SDS being a well known example, 
also for B-LG [26,27] — while cationic amphiphiles 
are normally less destructive, thus explaining the 
absence of an increased insertion of B-LG into a 
positively charged monolayer. 

The different types of interactions observed at high 
surface pressures are schematically summarized in 
Fig. 10. Only weak interactions are found in the 
absence of charge differences between B-LG and the 
monolayer and the protein will thus be mainly pre- 
sent in solution (Fig. 10A). Above its IEP, i.e. when 
negatively charged, B-LG will bind to a positively 
charged surface. Binding in this case does not, how- 
ever, result in an increased insertion of B-LG into the 


A 


« 


monolayer (Fig. 10B). Below its IEP, i.e. when posi- 
tively charged, B-LG will bind strongly to a nega- 
tively charged monolayer and will probably undergo 
a structural change. As a result, parts of the protein 
will also insert into the monolayer (Fig. 10C). 

In conclusion, the results presented in this study 
show the importance of a negatively charged surface 
for the insertion of B-LG into condensed-phase 
monoglyceride monolayers, which compares well 
with the reported importance of a negative charge for 
the interaction of B-LG with phospholipid monolay- 
ers [12]. This increase in understanding protein— 
monoglyceride interactions will not only prove valu- 
able for industrial use, but, moreover, also for the 
application of monoglycerides in studies on biologi- 
cal systems, as so elegantly demonstrated by Landau 
and Rosenbusch [5] who recently used monoglyceride 
cubic phases for the crystallization of membrane 
proteins. 
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Fig. 10. Schematic representation of the observed interactions between B-LG and different MSG monolayers. B-LG does not bind to 
neutral monolayers (A). When negatively charged, B-LG is able to bind to positively charged monolayers. Binding does not, however, 
result in insertion (B). When positively charged, B-LG not only binds strongly to negatively charged monolayers but a fraction also 


inserts into the monolayer (C). 
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Abstract 


The permeability of rat liver lysosomes to xenobiotic organic compounds possessing nitrogen functions was investigated, 
using an osmotic-protection methodology. It was first shown that rat liver lysosomes are stable for at least one hour when 
incubated in 250 mM sucrose within the pH range 5 to 9. Primary and tertiary amines with pK, values within this pH 
range, and with differing numbers of aliphatic hydroxy or ether groups, were chosen for study and their permeability 
investigated at a range of pH values. The results indicate that uncharged amines can cross the lysosome membrane, and that 
the permeability of such molecules can be predicted from their total hydrogen-bonding capacity. The notional hydrogen- 
bonding capacity of an uncharged tri-substituted nitrogen with no attached hydrogen atom, as in pyridine or in a tertiary 
aliphatic amine, is deduced to be approximately 1, and that of an uncharged primary amine approximately 2. A 
hydrogen-bonding capacity of at least 11 is deduced for cationic nitrogen, implying that most if not all molecules containing 
a charged nitrogen atom cannot cross the lysosome membrane by passive diffusion. The implications for lysosome 





physiology and pharmacology are discussed. © 1997 Elsevier Science B.V. 


Keywords: Lysosome membrane; Amine (organic) 





1. Introduction 


The lysosome membrane constitutes a physio- 
logically important barrier between the lysosome ma- 
trix and the surrounding cytoplasm. The membrane’s 
impermeability to macromolecules ensures the reten- 
tion within the organelle of both the lysosomal en- 
zymes and their substrates. By contrast, the products 
of lysosomal metabolism must leave the lysosome. 
Most of these metabolites are thought to cross the 
membrane by transport on substrate-specific porters, 
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although a contribution from passive diffusion is 
likely in a few cases (see [1] for a review). 

Passive diffusion is certain to be the only mecha- 
nism available for most non-physiological molecules 
to cross the lysosome membrane. Several current 
approaches to targeted drug delivery require the drug 
to cross the lysosome membrane in order to reach the 
subcellular site where its action is desired [2]. It will 
be valueless to target a drug efficiently to some cell 
type if the drug remains trapped in the lysosomes. An 
ability to predict how well a given xenobiotic struc- 
ture will cross the lysosome membrane is therefore of 
potential practical utility. 

In our first study addressing this topic [3], we 
tested some 40 organic non-electrolytes containing 
aliphatic hydroxy, ether, hemiacetal and ester moi- 
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eties. The results showed that the rate of passive 
diffusion of solutes across the rat liver lysosome 
membrane is not significantly influenced by their 
molecular weight. However there was a strong in- 
verse correlation between rate of penetration and a 
substance’s notional hydrogen-bonding capacity, a 
parameter calculated from the number and nature of 
the functional groups the molecule possesses. The 
ability of these non-electrolytes to cross the lysosome 
membrane appeared to be wholly predictable from 
chemical structure. 

Solute permeabilities across biological membranes 
are commonly correlated with oil—water partition 
coefficients. This approach is of limited value for 
many molecules of biochemical interest, since they 
are too hydrophilic for their partition coefficients to 
be determined with accuracy. Stein [4] was the first to 
point out the high degree of correlation between 
oil—water partition coefficient and _ notional 
hydrogen-bonding capacity, and to demonstrate the 
ability of the latter parameter to predict solute perme- 
abilities across a variety of biological membranes. 

Stein [4] proposed theoretically derived numerical 
values for the hydrogen-bonding capacity of several 
common functional groups found in_ organic 
molecules. Subsequently Diamond and Wright [5] 
slightly modified these values in respect of some 
functional groups; we used Stein’s values and these 
modifications in our study [3] on the permeability of 
the lysosome membrane to organic non-electrolytes. 
A subsequent study of the permeability of rat kidney 
lysosomes to seven low (< 100) molecular weight 
non-electrolytes [6] revealed a good correlation be- 
tween measured permeability for 6 of the 7 solutes 
and their partition coefficients in various oil—water 
systems. Using the permeability data from that publi- 
cation and Stein’s [4] values for functional group 
hydrogen-bonding capacities, a good correlation can 
be demonstrated between these two parameters (Fig. 
1). The correlation coefficient (including all 7 com- 
pounds) is 0.88, greater than that reported [6] for 
three out of the four sets of partition coefficients. 

Since drug moieties possess many functional 
groups other than the three oxygen-containing func- 
tions previously [3] studied, it is of value to obtain 
direct evidence on the ability of substances with such 
groups to cross the lysosome membrane. Our ultimate 
aim is to make the permeability of any organic 
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Hydrogen-bonding capacity 


Fig. 1. Relationship between the logarithm of the measured 
permeability of rat kidney lysosomes and the notional hydrogen- 
bonding capacity of solutes. Points on the graph are, from left to 
right, for butanol, butyramide (upper point), acetamide (lower 
point), propylene glycol (upper point), ethanolamine (lower point), 
urea and glycerol. Permeability data are from Piqueras et al. [6]; 
hydrogen-bonding capacities are calculated from Table 3.2 of 
Stein [4]. 


molecule across the lysosome membrane reliably pre- 
dictable from its structural formula. In the work 
reported in the present paper we have extended our 
previous studies to embrace organic molecules con- 
taining nitrogen atoms that have or can acquire a 
positive charge. 

The permeability of the lysosome membrane to 
organic amines has attracted much attention in the 
past. This is because of an early observation that cells 
exposed to certain weak bases, such as chloroquine, 
accumulate them to high concentration in the lyso- 
somes. The phenomenon was explained as resulting 
from the pH difference between the lysosome matrix 
and the cytoplasm and from the differential perme- 
ability of the lysosome membrane to the unproto- 
nated and protonated form of amines. The early data 
and the underlying theory were discussed in detail by 
de Duve et al. [7]. Briefly, amines enter the lysosome 
by crossing the membrane from the cytoplasmic side 
in the uncharged form. In the more acidic environ- 
ment of the lysosome the amine acquires a proton, 
thus generating the much less permeable cationic 
form. The law of mass action predicts a lysosome:cy- 
tosol concentration ratio with maximum value equal 
to the antilogarithm of the pH difference. Ohkuma 
and Poole [8] studied a large number of organic weak 











bases for their ability to accumulate in and vacuolize 
macrophage lysosomes. With a few exceptions, their 
results were broadly consistent with theory. Their 
data additionally provided an early indication that the 
presence of multiple hydroxy groups on an aliphatic 
amine decreases its permeability. They found that 
triethanolamine and Tris fail to vacuolize lysosomes, 
despite having pK, values above neutrality, and 
concluded that this is because ‘‘the compounds are 
relatively hydrophilic even in their neutral forms and 
probably would not permeate easily through mem- 
branes’’. 

Stein [4] assigned notional hydrogen-bonding ca- 
pacities of 2 to the uncharged nitrogen of primary 
amines and | to that of secondary amines. It is 
implicit in these assignments that the uncharged ni- 
trogen of tertiary amines has zero hydrogen-bonding 
capacity. These values may each be one unit too low. 
In theory any uncharged aliphatic amine can accept a 
hydrogen bond, by virtue of the nitrogen’s unshared 
electron pair, while the hydrogen atoms of primary 
and secondary amines can additionally donate two or 
one hydrogen bonds respectively [5]. 

We have previously studied the ability of some 
charged but electrically neutral molecules to cross the 
rat liver lysosome membrane. Our data [9] on w- 
amino-aliphatic acids and dipeptides indicated that 
the combination of a protonated primary amine group 
and an anionic carboxylate group renders a molecule 
rather impermeant. It was proposed by Ginsburg and 
Stein [10] that the combination of these two charged 
groups contributes a hydrogen-bonding capacity of 
11, and it has been tentatively inferred [11] from their 
data that the protonated amino group may account for 
8 or 9 of this total. 

The present investigation is a systematic study of 
the permeability of the lysosome membrane to 
charged and uncharged nitrogenous compounds. The 
principal aims were to discover whether permeability 
can be explained in terms of hydrogen-bonding ca- 
pacity and, if so, to determine which of the theory- 
derived numerical assignments [4,5] are correct. As in 
our previous reports [3,9] we investigated the perme- 
ability of lysosomes by making use of the osmotic 
properties of these organelles. This indirect approach 
avoids the impracticable custom synthesis of a multi- 
tude of labeled molecules. We believe it also has an 
advantage over methods that demand the preparation 
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of highly purified lysosomes, since the latter repre- 
sent a very small and likely unrepresentative fraction 
of the entire lysosome population. Furthermore, if 
due caution is used, the results can be interpreted 
with more confidence than might be expected of an 
essentially indirect method of approach. 

In order to reach reliable conclusions about the 
effect of different functional groups on permeability, 
one should study as many compounds as possible. In 
our work on non-electrolytes [3] we tested over 40. In 
the present work we used fewer, as each had to be 
tested at several pH values in order to evaluate the 
effect of protonation on permeability. We chose only 
non-physiological compounds, so as to minimize any 
influence from the metabolite porters that are present 
in the lysosome membrane. 


2. Materials and methods 


All chemicals were from Aldrich or Sigma. 

Solutions of the test compounds were prepared at 
250 mM in water. The pH was adjusted by adding 
250 mM HCI to achieve the desired value. This 
method ensures that the total osmolarity of every 
solution was 250 mOsm/1. The amount of HCl added 
varied from compound to compound, according to the 
pX, and with the target pH. It is possible to calcu- 
late, for each solution, the fraction of the total osmo- 
larity due to the amine and that due to chloride. 

A lysosome-rich subcellular fraction was prepared 
from the liver of an overnight-starved rat. The liver 
was pushed through a sieve and the pulp homoge- 
nized in 10 ml of ice-cold 250 mM sucrose per gram, 
followed by centrifugation at 4°C and 1100 X g for 
10 min. The pellet was discarded and 20 ml of the 
supernate centrifuged at 4°C and 22500 X g for 10 
min. The resulting pellet was gently resuspended in | 
ml of ice-cold 250 mM sucrose. 

To test the ability of various salts to afford osmotic 
protection to lysosomes, 200 wl of the resuspended 
lysosome-rich pellet was added to 3.8 ml of test 
solution at 25°C. This diluted suspension was main- 
tained at 25°C and 50- or 100-1 samples taken at 0, 
30 and 60 min. 

The integrity of the lysosomes in these samples 
was measured by determining the free activity of 
N-acetyl-B-glucosaminidase at 25°C. The assay mix- 
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ture contained the substrate 4-methylumbelliferyl N- 
acetyl-B-D-glucosaminide (2.5 mM) and sucrose (250 
mM) in 200 mM sodium citrate—HCl buffer pH 5.0. 
Incubation was for 2 or 5 min and was terminated by 
the addition of 5 volumes of sodium carbonate (1 M). 
Liberated 4-methylumbelliferone was measured by 
determining the fluorescence of a 400-1 sample in 
the well-plate attachment of a Perkin Elmer LS 50B 
luminescence spectrometer (A,, 360 nm; A,,, 448 
nm). In controls, substrate was added after the sodium 
carbonate. The free activity was expressed as a per- 
centage of the total activity of N-acetyl-B-gluco- 
saminidase, as measured in simultaneous parallel as- 
says in the presence of Triton X-100 (0.2%). 


3. Results 


Table 1 shows the N-acetylglucosaminidase free 
activity of rat liver lysosomes incubated at 25°C in 5 
mM potassium phosphate buffers containing 250 mM 
sucrose. Lysosomes were stable for at least 60 min 
when the pH was within the range 5.0 to 9.0. At pH 4 
or 10 the lysosomes began to break, despite the 
protective effect of the 250 mM sucrose, and similar 
results were seen at pH 4.5 and 9.5. This experiment 
identifies the range of pH within which osmotic 
protection experiments can be used to indicate lyso- 
some membrane permeability. It was shown that 
lysosomes break immediately when suspended in 5 
mM potassium phosphate buffer without sucrose (re- 
sults not shown). 

Typical aliphatic amines have pK, above 10, and 
consequently exist almost entirely in the protonated 
form within the pH range 5-9. In order to study the 
permeability of lysosomes to amines in their unproto- 
nated form, we required substances with much lower 
pXK,.. We identified three groups of molecules suit- 
able for the purpose of this project: some substituted 
pyridines, some N-alkyl-morpholines and some hy- 
droxylated alkylamines. The pyridines have pK, val- 
ues between 4 and 6, the N-alkyl-morpholines values 
around 7, and the alkylamines values between 6 and 


Table 1 

Free activity of N-acetyl-6-D-hexosaminidase in rat liver lyso- 
somes pre-incubated in 250 mM sucrose buffered with 5 mM 
potassium phosphate 

pH of the 
buffered 
sucrose 
solution “ 





Free activity (% of total activity) 
60 min 


Number of 
experiments 





O min 30 min 





3.0 
4.0 
4.5 
5.0 
6.0 
7.0 
8.0 
9.0 
7.9 
10.0 


Be fe 23+4 32+10 
6+ 1 ee 2226 
8+5 ist? Zi¢7 
TE] Be IZe2Z 
6+2 10+2 8+] 
7$I 8+] Ma3 
6+ 1 8+ 1 Se ae 
6+1 8 +0 10+ 1] 
9+5 13+3 Fs of 4 
6+2 12+4 29+6 


WwWwWwh RW HN 


W WwW 





“ The solutions also contained valinomycin (2.5 wg per ml) to 
enhance K* permeability. 

A lysosome-rich fraction from rat liver was diluted into the 
buffered sucrose at 4°C, and then incubated at 25°C. Samples 
were removed for assay of N-acetyl-8-D-glucosaminidase at the 
indicated times. Free enzyme activity is expressed as a percent- 
age of the total activity measured in the presence of Triton X-100 
(0.2%). Values shown are the mean+SD for the number of 
experiments shown. 


10, so that these molecules change from the unproto- 
nated to the protonated form within the pH range 
feasible for this investigation. Moreover, within each 
of these three groups, compounds are commercially 
available containing different numbers of aliphatic 
hydroxy groups, which we and others have shown 
substantially decrease a molecule’s ability to cross 
biomembranes. Thus, as in our study of non-electro- 
lytes [3], we aimed to distinguish between the effects 
of two parameters, in this case pK, and hydrogen- 
bonding capacity, on a molecule’s permeability. Table 
2 shows the structures, pK, values and notional 
hydrogen-bonding capacities of the compounds stud- 
ied. 

Table 3 shows the results of incubating rat liver 
lysosomes in 250 mOsm/1 solutions of each of the 
eight bases at pH values within the range 5—9. Sev- 





“ pK, values were determined by titration. They confirm published values where shown as available [12,13]. 


b . ‘ ° . * . : 
Excluding any contribution from the nitrogen function. 


~ Hydrogen-bonding capacities are calculated by reckoning 2.0 for each C-O-H group and 0.8 for each C-O-C. These values are those 


assigned in Ref. [3]. 








Table 2 
Structures, pK, values and hydrogen-bonding capacities of the compounds studied 
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Name Structure pKa (25°C) 4 Hydrogen-bonding capacity?’¢ 
PYRIDINES — 
TX 
4-Methyl N -CH3 6.0 [12] 0 
\—/ 
7X 
4-Hydroxymethyl N -CH20H See Easy 2.0 
\—/ 
HOCH? 
‘so 
7% 
2,6-Di(hydroxymethyl1 ) N 4.3 4.0 
\—/ 
i 
HOCH? 
MORPHOLINES Ries 
keN 
N-Methyl 0 N-CH3 7.4 [12] 0.8 
ae | 
gs 
N-(2-Hydroxyethy1l ) 0 N-CH2-CH20H 6.8 2.8 
ee! 
a. 
N-(2,3-Dihydroxypropyl) 0 N-CH2-CHOH-CH20H 6.6 4.8 
pee 
ALKYLAMINES 
HOCH2-CH2 
\ 
Triethanolamine N-CH2-CH20H 768 £12) 6.0 
/ 
HOCH2-CH2 
HOCH2-CH?2 CH20H 
\ 
Bis-Tris N-C-CH20H 6.5 £13) 10.0 
/ 
HOCH2—-CH?2 CH20H 
CH 
2-Amino-2-methyl- H2N-C-CH20H o..7 £32) 2.0 
1-propanol | 
CH3 
CH20H 
2-Amino-2-methyl- H2N-C-CH3 8.8 [12] 4.0 
1,3-propanediol 
CH20H 
CH 20H 
Tris H2N-C-CH 20H 8.1 [12] 6.0 
CH 20H 
QUATERNARY AND STRONG BASES 
CH: 
Choline HOCH2—CH2-Nt-CH3 not applicable 2.0 
| 
CH3 
Dimethylamine CH3-NH2t-CH3 10.8 [12] 0 
N-Methylglucamine CH3-NH2*t-CH2-(CHOH) 4-CH20H 9.3 10.0 
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Table 3 
Free activity of N-acetyl-8-p-glucosaminidase in rat liver lysosomes pre-incubated in 250 mOsm solutions of organic bases 
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Solute 


pH 


Number of experiments 


Free activity (% of total activity) 





0 min 


30 min 


60 min 





Pyridines 
4-Methyl 


4-Hydroxymethyl 


2,6-Di(hydroxymethy]) 


Morpholines 


N-Methyl 


N-2-Hydroxyethy] 


N-2,3-Dihydroxypropy| 


Alkylamines 


Triethanolamine 


Bis-Tris 


2-Amino-2-methy]-1-propanol 


5.0 
6.0 
7.0 


5.0 
6.0 
7.0 


5.0 
6.0 
7.0 


5.0 
6.0 
7.0 
8.0 


5.0 
6.0 
7.0 
8.0 


5.0 
6.0 
7.0 
8.0 


7.0 
8.0 
9.0 


5.0 
6.0 
7.0 
8.0 


7.0 
8.0 
9.0 


2-Amino-2-methyl-1,3-propanedi@) 


8.0 
9.0 


7.0 
8.0 
9.0 


10+4 
43 + 10 
110+ 14 


7s! 
60 + 5 
85+ 8 


7449 
91.4 15 
7a 13 


T£2 
[t+2 
45+9 

102 + 13 


r+6 
is+3 
422% 
101+5 


10+4 
it! 
v7 tts 
86+ 7 


$i2 
7+5 
42+ 13 


10+2 
10+2 

si3 
beta 


5+1 
11+4 
72+8 


5+1 
4+] 
743 


5+4 
6+2 
1+] 


85 + 12 
94+ 14 
118+ 3 


80 +3 
84 +6 
94+4 


95 + 10 
86 + 11 
94+9 


50 + 4 
18 +5 
66 + 6 
89 + 10 


40+5 
a +9 
85+4 
101 +17 


i i oe 
eee, 
S482 
109 + 10 


3144 
103 + 13 
88 +8 


3+ 3 
12+2 
13 +6 
16+4 


2742 
52:42 
98 + 10 


H+] 
w4+7 
109 + 12 


13 +3 
55 + 19 
78 + 3 


94 + 13 
102 + 21 
96+ 9 


93 + 14 
91+4 
106 +7 


94 + 10 
90 +2 
9444 


76 + 12 
25+4 
62 + 6 
110+4 


79 +8 
26+ 6 
85 + 13 
103 + 21 


56+4 
A Bae 2 
79 + 10 
110+ 12 


41+5 
90 + 10 
98+4 


21+6 
1I8+3 
19+4 
46 + 15 


Ls ie a 
58 +8 
100 + 5 


20 + 3 
67+7 
96 +5 


is $2 
61+ 17 
95 +5 





A lysosome-rich fraction from rat liver was diluted into the indicated solution, at 4°C, and then incubated at 25°C. Samples were removed 
for assay of N-acetyl-B-D-glucosaminidase at the indicated times. Free enzyme activity is expressed as a percentage of the total activity 


measured in the presence of Triton X-100 (0.2%). Values shown are the mean + SD for the number of experiments shown. 











eral of the compounds tested caused a degree of 
inhibition of N-acetylglucosaminidase, but this does 
not affect the validity of the osmotic protection data, 
as both the free and the total activity were measured 
in the presence of the same concentration of amine. 
Inhibition by the hydroxylated alkylamines and mor- 
pholines was 40-60% at 30 mM, the maximum 
concentration encountered in the osmotic protection 
assays; the three pyridines were not significantly 
inhibitory. 

The results shown in Table 3 indicate that lyso- 
somes break immediately when suspended in some of 
the test solutions. This finding can arise either be- 
cause the solution actively disrupts the lysosome 
membrane, or because the solute enters the lysosomes 
so quickly that it fails to provide even initial osmotic 
protection. These alternative explanations can be dis- 
tinguished by incubating lysosomes in the test solu- 
tion to which sucrose has been added to a concentra- 
tion of 250 mM. If the solution now provides initial 
osmotic protection, the solute is not actively mem- 
brane-lytic. This experiment was performed for each 
of the solutions that gave an initial free activity 
greater than 20%, as shown in Table 3. In no case 
was the initial free activity greater than 20% when 
250 mM sucrose was also present (data not shown). 
Moreover, when incubations were continued for 60 
min, free activity remained low in most cases. Excep- 
tions were incubations at pH 6 or 7 in sucrose-con- 
taining 4-methylpyridine, when free activity reached 
100% by 30 min, and in N-(2-hydroxy- 


Table 4 
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ethyl)morpholine and N-(2,3-dihydroxypropyl)mor- 
pholine at pH 8, where a substantial increase in free 
activity was seen at 30 min of incubation, and a 
further rise by 60 min. 

Table 4 shows the results of incubating lysosomes 
in 250 mOsm/I1 solutions of some quaternary or 
strong organic base hydrochlorides. These bases have 
no significant buffering capacity at neutral pH. 
Choline chloride and dimethylammonium hydrochlo- 
ride were dissolved in water at 125 mM and the pH 
measured but not adjusted. N-Methylglucamine was 
dissolved in water, the pH adjusted to approximately 
7.0 with HCI and the volume adjusted to give a final 
concentration of 125 mM. The results obtained with 
dimethylammonium chloride indicated the necessity 
to repeat the experiments at pH 7.0. This was done 
by adding KOH to the 125 mM solution; the amount 
needed was very small, adding less than 1 mOsm to 
the osmolarity of the solution. 

The complete osmotic protection offered by 125 
mM choline or N-methylglucamine chloride (Table 
4) provides a striking demonstration of the inability 
of a permeant anion to enter lysosomes when its 
counter-cation is impermeant. 


4. Discussion 
4.1. Methodology 


As indicated in the introduction, the osmotic pro- 
tection methodology has two major advantages for 


Free activity of N-acetyl-B-D-glucosaminidase in rat liver lysosomes pre-incubated in solutions of quaternary and strong organic base 


hydrochlorides 











Solution pH Number of Free activity (% of total activity) 
experiments or ae 30 min sia 

Choline 

chloride (125 mM) 4.76 4 S7 th 7.0 + 1.4 8.0 + 2.7 
Dimethylammonium 

chloride (125 mM) 5.43 3 8.1+ 1.9 14.0 + 3.3 ak ls 

7.00 c 7841.7 19.6 + 0.6 s7.0232 

N-Methylglucamine 

chloride (125 mM) 6.56 4 6.9 + 1.7 13+%49 8.5 + 1.0 





A lysosome-rich fraction from rat liver was diluted into the indicated solution, at 4°C, and then incubated at 25°C. Samples were removed 
for assay of N-acetyl-B-D-glucosaminidase at the indicated times. Free enzyme activity is expressed as a percentage of the total activity 


measured in the presence of Triton X-100 (0.2%). Values shown are the mean + SD for the number of experiments shown. 
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structure-permeability correlation studies such as this. 
It demands neither the preparation of a highly puri- 
fied lysosome fraction nor the availability of the 
desired compounds in radiolabeled form. It is cur- 
rently the only practicable method available for test- 
ing a large number of xenobiotic amines, such as 
those studied here. However there are limitations: 
although the results give a reliable indication of the 
rank order of permeation rates for the compounds 
tested, they do not yield absolute rates. Our analysis 
(Fig. 1) of the recently published permeability data 
for rat kidney lysosomes [6] indicates however that 
their permeability to small non-electrolytes decreases 
approximately two-fold with each additional hydro- 
gen bond. 

Another pertinent issue is the relevance of os- 
motic-protection data to lysosome permeability in 
situ. Here an analysis [11] of the rather sparse data is 
encouraging — endocytosed substances that accumu- 
late in lysosomes all have hydrogen-bonding capacity 
11.5 or higher. By contrast substances below this 
threshold seem able to escape into the cytoplasm. 
Passive diffusion is of course not a threshold phe- 
nomenon and every compound will diffuse at some 


rate. There are as yet no comparative quantitative 
data available on rates of passive diffusion across the 
lysosome membrane in situ. 


4.2. Effect of pH on lysosome stability 


We first showed that rat liver lysosomes suspended 
in 250 mOsm sucrose show no significant loss of 
latency at pH values in the range 5 to 9. However, 
below 5 and above 9, the lysosomal enzyme moni- 
tored becomes progressively more available to added 
impermeant substrate. We have not sought to dis- 
cover whether the membrane becomes more perme- 
able or begins to break at these extremes of pH, as 
our purpose was to identify a pH range within which 
pH alone does not affect the stability of the lyso- 
somes. 


4.3. The uncharged nitrogen of an aromatic heterocy- 
cle 


The three substituted pyridines studied in this in- 
vestigation have pK, values between 4 and 6. Thus 


they exist principally in their uncharged form at pH 
7. Table 3 shows that none of the amines give even 
initial Osmotic protection to lysosomes at pH 7.0, 
indicative of very rapid passage across the lysosome 
membrane. At pH 6.0, however, results with the three 
compounds differed — 4-methylpyridine provided a 
transient osmotic protection, although this was lost 
after 30 min of incubation; similar but slightly poorer 
protection was offered by 4-hydroxymethylpyridine; 
2,6-di(hydroxymethyl)pyridine provided no _ initial 
protection. At pH 5.0 these three amines respectively 
provided complete, good and poor (albeit some) ini- 
tial osmotic protection, although in all cases the 
protection was lost after 30 min incubation. Refer- 
ence to Table 2 shows that these results correlate 
with the different pK, values of the three amines, 
and are explicable in terms of the pyridines having a 
lower permeability when the ring nitrogen is proto- 
nated. 

An alternative explanation of the very high initial 
free activity seen in many of these experiments is that 
the pyridine derivative actively disrupts the lysosome 
membrane, in a similar fashion to detergents such as 
Triton X-100. This possibility was excluded by re- 
peating experiments with 250 mM sucrose present 
with the substituted pyridine — in each case and at 
all pH values, the lysosomes were fully latent at 
time-zero. In most cases the lysosomes remained 
intact for the full 60 min of the incubation, although 
rapid loss of latency was seen with 4-methylpyridine 
at pH 6.0 and 7.0. This finding does not affect the 
interpretation of the data. 

In our earlier study [3] on non-electrolytes, we 
found that substances failing to offer even initial 
osmotic protection to lysosomes, all had a hydrogen- 
bonding capacity below 7.5. The failure of 2,6-di(hy- 
droxymethyl)pyridine to provide initial protection 
suggests that the unprotonated ring-nitrogen cannot 
contribute more than 3.5 units of hydrogen-bonding 
capacity. The two other pyridines tested have less 
hydrogen-bonding capacity than 2,6-di(hydroxy- 
methyl)pyridine (Table 2) and their inability to pro- 
vide osmotic protection is unsurprising. 

Even at the most acidic pH tested (5.0), the three 
pyridines exist significantly in the uncharged form. 
Therefore the data on these compounds in Table 3 
cannot be used to draw any conclusions about the 
permeability of their protonated forms. 











4.4. The uncharged nitrogen of aliphatic tertiary 
amines 


We consider next the three morpholine derivatives 
tested. Table 2 shows that they have rather similar 
pK, values (range 6.6—7.4), but a wider spectrum of 
hydrogen-bonding capacities (0.8—4.8), reflecting the 
differing complement of aliphatic hydroxy groups. 
Table 3 shows that at pH 8.0, when these molecules 
all exist substantially in the unprotonated form, there 
is no indication of even initial osmotic protection. 
That this indicates rapid permeation, and not a deter- 
gent-like action, was clear from the initial lysosome 
stability seen when lysosomes were incubated with 
the morpholine derivatives in the presence of 250 
mM sucrose. Using the argument deployed above in 
respect of 2,6-di(hydroxymethy])pyridine, the result 
with N-(2,3-dihydroxypropyl)morpholine indicates 
that its uncharged tertiary nitrogen contributes no 
more than 2.7 units of hydrogen-bonding capacity. 

As pH is decreased from 8 to 7 and 6, the N-alkyl 
morpholines provide lysosomes with increasing os- 
motic protection. This result is consistent with a 
decreasing proportion of amine in the unprotonated 
form and an increasing proportion in the less perme- 
ant charged form. The pH 6 data in Table 3 are 
similar for all the three morpholines; likewise the pH 
7 data. This finding is explicable in terms of pK, 
values and hydrogen-bonding capacities (Table 2). 
With increasing side-chain length, pK, decreases, 
thus increasing the proportion of molecules in the 
uncharged form at any given pH and thus increasing 
permeability. Concomitantly, the number of hydroxy 
groups increases, decreasing permeability. Thus, the 
two effects of the side-chain substituents counteract 
each other. 

The results on osmotic protection by the three 
morpholines at pH 5.0 were a surprise. At this pH, 
the amines are principally in the protonated form and 
therefore were expected to show their lowest perme- 
ability. However in all three cases, osmotic protection 
at pH 5 was poorer than at pH 6. Several possible 
explanations of this observation can be excluded. 
First, the results in Table 1, and indeed the data on 
Bis-Tris (Table 3) show that the pH itself cannot be 
responsible. Secondly, this is not a membrane-lytic 
effect: lysosomes incubated in any of the three mor- 
pholines in the presence of 250 mM sucrose at pH 5, 
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6 or 7 remained intact for at least 60 min at all four 
pH values. A third possible explanation focuses on 
the composition of the amine solution. As explained 
above, the solutions were formulated to be 250 mOsm 
at all pH values: at pH values below the pK.,, a 
substantial contribution to the osmolarity comes from 
the counter-anion chloride. Although it had been 
assumed that little counter-ion would be able to cross 
the lysosome membrane without its compensating 
cation, it could be argued that the poorer osmotic 
protection at pH 5 than 6 reflected the lower concen- 
tration of amine. There are strong arguments against 
this possibility. First, the amine concentration in an 
iso-osmotic solution changes most significantly 
around the pK, value. In a 250 mOsm solution of an 
amine hydrochloride, the total amine concentration 
(RNH, plus RNH}) is 167 mM at the pK,, 131 mM 
at one pH unit below the pK, and 126 mM at two pH 
units below. The difference between the osmotic 
protection data for 4-methylmorpholine (pK, 7.3) at 
pH 5.0 and 6.0, as shown in Table 3, is too great to 
be explicable in terms of decreased total amine con- 
centration. A second argument is to be found in the 
results with choline chloride (Table 4), where a 125 
mM solution gave total osmotic protection even at 
the low pH of 4.76. At present we have no convinc- 
ing explanation for the apparently high permeability 
of the morpholines at pH 5.0. 

We turn now to the two tertiary aliphatic amines 
Bis-Tris and triethanolamine. Lysosomes incubated in 
Bis-Tris in the presence of 250 mM sucrose remained 
intact for at least 60 min at all four pH values. 
Lysosomes suspended in Bis-Tris alone showed only 
slow loss of latency, even at pH 8.0, when only 3% 
of Bis-Tris molecules are protonated. Because it can 
be confidently assumed that the protonated species 
will be less permeable than the uncharged amine, the 
permeability of Bis-Tris at pH 8.0 must be at- 
tributable to the uncharged amine. The slow loss of 
latency seen at pH 8.0 is similar to that of non-elec- 
trolytes with a hydrogen-bonding capacity between 
10 and 11 [3]. The five hydroxy groups in Bis-Tris 
contribute 10 units of hydrogen-bonding capacity 
(Table 2), indicating that the tertiary amine nitrogen 
of Bis-Tris contributes O—1 units of hydrogen-bond- 
ing capacity. 

Triethanolamine has a pK, of 7.8, higher than that 
of any of the molecules discussed thus far. Pre- 
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dictably, its permeability is greater at pH values 
above its pK, (Table 3), but the most noteworthy 
result is the initial free activity at pH 9.0, when 94% 
of the amine is in the free form. The pattern seen at 
this pH, an initial low free activity, followed by a 
rapid lysis, is reminiscent of molecules with a total 
hydrogen-bonding capacity between 7.2 and 8.0 [3]. 
Since triethanolamine has three aliphatic hydroxy 
groups, we conclude that its tertiary nitrogen has a 
hydrogen-bonding capacity between | and 2. 

Taken together, the data from the pyridines, the 
morpholines and the tertiary aliphatic amines indicate 
a value of approximately unity for the hydrogen- 
bonding capacity of an uncharged tri-substituted ni- 
trogen atom. 


4.5. The uncharged nitrogen of aliphatic primary 
amines 


In the amines discussed thus far the nitrogen atom 
has had no directly attached hydrogen atoms. Sec- 
ondary amines, which have one such hydrogen, are 
stronger bases than their cognate primary or tertiary 
amines. As shown in Table 2, the pK, of dimeth- 
ylamine is 10.8. We were unable to identify any 
secondary amine with a low enough pK, to be useful 
for the present study. 

Although most primary amines are also strong 
bases, tri-hydroxylated t-butylamine (Tris) has a pK, 
of 8.1. This compound was therefore investigated at 
pH 7, 8 and 9. For comparison the mono- and 
di-hydroxylated t-butylamines, 2-amino-2-methy]-1- 
propanol and 2-amino-2-methyl-1,3-propanediol, 
were also included in the study, notwithstanding their 
high pK, values (see Table 2). 

2-Amino-2-methyl-l-propanol has a_ hydrogen- 
bonding capacity of only 2.0 in addition to the contri- 
bution of the primary amine moiety. At pH 9.0, when 
83% is in the protonated form, this amine fails to 
afford lysosomes even initial osmotic protection, in- 
dicative of a rapid penetration of the unprotonated 
form. This is a clear indication that an uncharged 
primary amine moiety cannot possess a hydrogen- 
bonding capacity in excess of about 5. With decreas- 
ing pH 2-amino-2-methyl-1l-propanol provides good 
Osmotic protection, indicative of a hydrogen-bonding 
capacity of at least 9 for the -NH}3 group. 


2-Amino-2-methyl-1,3-propanediol at pH 9.0 af- 
fords lysosomes initial protection, but this is entirely 
lost by 30 min of incubation, a pattern typical of 
substances of hydrogen-bonding capacity about 8 [3]. 
A rather similar pattern is seen at pH 8.0. Since this 
molecule is substantially (39% and 86% respectively) 
in protonated form at pH 9.0 and 8.0, and since its 
two hydroxy groups contribute 4.0 units of 
hydrogen-bonding capacity, the uncharged -NH, 
group cannot contribute more than 4 units. Decreas- 
ing the pH to 7.0 leads to a marked increase in 
osmotic protection by 2-amino-2-methyl-1,3-propan- 
ediol, again indicative of the greater hydrogen-bond- 
ing capacity of the -NHj group. 

Turning finally to Tris, we see patterns similar to 
those described above for 2-amino-2-methy]-1,3-pro- 
panediol. Tris at pH 9.0 is 89% uncharged, and even 
at pH 8.0 is 44% uncharged, so that the permeability 
seen at these pH values represents that of the un- 
charged amine. Comparison with earlier data [3] indi- 
cates that the uncharged -NH, group contributes 
approximately 2 units of hydrogen-bonding capacity. 


4.6. Charged nitrogen atoms 


Although the data of Table 3 show that the weak 
bases are all much less permeable at pH values below 
their pK,, several of the cationic forms are appar- 
ently significantly permeant. However, because even 
at low pH values a fraction of the amine exists as the 
free base, it is possible that the cationic form is 
wholly impermeant and that permeation at low pH is 
due to the small fraction of unprotonated amine. In 
order to throw light on this question, we studied the 
permeation of some organic amines that cannot exist 
in unionized form or whose pK, values are so high 
that an explanation in terms of free base penetration 
is implausible. Choline is a quaternary amine that 
bears a permanent positive charge, and dimeth- 
ylamine is a strong base of pK, 10.8. N-Methyl- 
glucamine is a_polyhydroxylated derivative of 
dimethylamine. 

Table 4 shows that 125 mM choline chloride is as 
good an osmotic protector as sucrose or mannitol [3], 
even at the low pH of 4.8. This finding indicates that 
the combination of a charged nitrogen and one 
aliphatic hydroxy equates to a hydrogen-bonding ca- 











pacity of at least 12. Thus the charged nitrogen must 
contribute at least 10 units of hydrogen-bonding ca- 
pacity. N-Methylglucamine chloride (125 mM) like- 
wise gave full osmotic protection, a result consistent 
with its possessing a hydrogen-bonding capacity of 
approximately 10 in addition to that conferred by the 
protonated nitrogen. The strong secondary amine 
dimethylammonium chloride, also at 125 mM, gave a 
degree of osmotic protection typical of a substance 
with hydrogen-bonding capacity of about 11 [3]. Since 
this was observed at pH 5.43, over 5 pH units lower 
than its pK.,, it is difficult to attribute the permeation 
to free base. This result can be explained in two 
ways. Either the charged nitrogen contributes a hy- 
drogen-bonding capacity of about 11, or its perme- 
ation is carrier-mediated. 


4.7. General conclusions and implications for lyso- 
some physiology and pharmacology 


Two overall conclusions can be drawn from this 
work. The first is that non-physiological organic 
compounds containing an uncharged nitrogen atom 
can diffuse across the lysosome membrane, and that 
the effect of such groups is predictable in terms of 
hydrogen-bonding capacity, as was previously shown 
to be the case for some oxygen-containing functions. 
The second conclusion concerns the hydrogen-bond- 
ing capacities of nitrogen atoms in organic structures. 
We propose the following assignments: 1 for an 
uncharged nitrogen with no attached hydrogen, as in 
a tertiary aliphatic amine or an aromatic structure 
such as pyridine; 2 for an uncharged nitrogen with 
two attached hydrogen atoms, as in a primary amine. 
These values are broadly consistent with theory [4,5]. 
We do not propose a value for an uncharged nitrogen 
with one attached hydrogen, as in a secondary amine, 
since our data do not include any such compounds. 
However the matter is largely academic in the con- 
text of permeability through biological membranes in 
situ, owing to the high pK, of secondary amines. 

Many investigators take it as axiomatic that the 
possession of a positively charged nitrogen function 
makes a molecule incapable of diffusion through 
biological membranes, and that any observed perme- 
ation must be due to the uncharged moiety or to the 
presence of a carrier or channel, such as the organic 
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cation/proton exchanger recently described [14] in 
rat liver lysosomes. Our data are consistent with this 
interpretation. However, they do not exclude the 
possibility that passive diffusion of a molecule such 
as dimethylamine could still occur. This diffusion 
may be too slow to be observable in most experimen- 
tal systems, but may yet have physiological and 
pharmacological relevance to the penetration across 
small organelles such as the lysosome, in which the 
surface:volume ratio is very high compared with, for 
example, that of the whole cell. We note that Ohkuma 
and Poole [8] also envisioned some charged nitroge- 
nous bases passively traversing lysosome membranes 
because they are ‘‘lipophilic even in their protonated 
forms’’. We conclude that the hydrogen-bonding ca- 
pacity of a cationic nitrogen is at least 11. 

The results we report are relevant to two issues, 
one physiological and one pharmacological. As dis- 
cussed elsewhere [1], there are some products of the 
lysosomal catabolism of macromolecules that bear 
positive charges and for which no carrier has been 
identified in the lysosome membrane. Sphingosine is 
one such metabolite. It is a primary amine with two 
aliphatic hydroxy groups, and so can be assigned a 
total hydrogen-bonding capacity of 6 in the un- 
charged form and at least 15 in the charged form. At 
the pH of the lysosome interior, the latter form must 
predominate and it is unclear whether or how sphin- 
gosine can escape into the cytoplasm. 

In the context of drug delivery, the results we 
report make it possible to compute the total hydro- 
gen-bonding capacity of a wider range of structures 
than hitherto. As explained elsewhere [11], lysosomes 
in situ are effectively impermeable to molecules of 
hydrogen-bonding capacity greater than about 11.5. 
Many xenobiotics contain nitrogen atoms that are 
present in aromatic or heterocyclic structures and 
have low pK, values, such that a significant fraction 
is uncharged at lysosomal pH. Their ability to cross 
the lysosome membrane will depend chiefly on the 
other functional groups they contain. By contrast all 
or most chemical moieties containing a charged nitro- 
gen will not diffuse across the lysosome membrane at 
a significant rate. Here the lysosomal organic 
cation—proton exchanger [14] is potentially of great 
significance in achieving what diffusion cannot. It 
will be valuable to know more about the substrate 
specificity of this system. 
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Abstract 


Li* is the only ion that can replace the physiological intra- and extracellular activator cations of the Na*/K* pump. In 
order to study this singular property of Li* in some detail, the activation of the Na*/K* pump current (I) by intra- and 
extracellular Li* (Li; ; Li? ) was measured in isolated guinea-pig ventricular myocytes by means of whole cell recording at 
34°C and a holding potential of —20 mV. I, was identified as current blocked by dihydro-ouabain. Half-maximal I, 
activation occurred at 23 mM Li, (K,. value) in cells containing Na* (50 or 100 mM) and at 73 mM Li; in myocytes 
containing Li” (100 mM). The K,; value of I, activation by Li” increased with depolarisation, suggesting the transfer of 
0.2 of an elementary charge across the electric field of the sacrolemma during Li‘-binding. An intracellular Li* concentra- 
tion of 36 mM caused half-maximal I, activation in cells superfused with Na’*- and Li*-free media containing 1 mM K”. In 
Na*-free solutions, the I —V curve displayed a positive slope at negative membrane potentials. A negative slope at positive 
potentials was observed in Li*-containing media. It is concluded that Li* is less efficacious and potent than the 
physiological pump activator cations. The shape of the I,—V curves in Na‘-free solutions supports the view that the cardiac 
Na*/K* pump contains a channel-like structure and suggests that there are voltage-sensitive steps in the pump cycle, apart 
from the binding of external cations. © 1997 Elsevier Science B.V. 





Keywords: Na*~/K* pump; Pump current; Whole-cell recording; Cardiac myocyte; Li ion 





1. Introduction degree, the activation of ‘. by extracellular K*. 
These ions are unable to replace intracellular Na* in 
the activation of the cardiac Na*/K* pump [5]. 
However, a recent abstract [6] reports that Li ions can 
substitute for internal Na* in the mechanism of 
cardiac I, activation. This is in contrast to earlier 
observations on cardiac preparations, which sug- 
gested rather that Li” cannot replace Na* at the 
intracellular cation binding sites of the Na*/K* 
pump [5,7], but, is in line with findings in erythro- 
cytes [8,9] and neurons [10], where Li* acts as a 





The Na*/K* pump in the cell membrane of ani- 
mal cells generates a pump current, I,. Since the 
pump is activated by various species of extracellular 
monovalent cations, an effect of these ions on I, 
would not be surprising. In fact, it is known for 
various cells (e.g. [1,2]), including cardiac cells [3,4], 
that T1*, Rb*, Cs* or NHj mimic, to a certain 
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(poor) substitute for intracellular Na* in the mecha- 
nism of Na*/K* pump activation. Interestingly, Li* 
is also known to be a weak extracellular activator 
cation of the Na*/K* pump in red blood cells [8], 
nerve [11] and cardiac preparations [5]. In addition, 
Eisner and Lederer [12] found that extracellular Li* 
activates I, in cardiac Purkinje fibres. Thus, Li* has 
the singular property among the monovalent activator 
cations of being able to activate the Na*/K* pump 
at intra- and extracellular sites. The aim of the patch 
clamp experiments described below is to analyse 
quantitatively the effect of intra- and extracellular Li 
ions and membrane potential on the current generated 
by the Na*/K* pump in cardiac cells. The voltage 
dependency of I, has offered valuable information on 
ion translocation in the Na*/K* pump cycle [2,13]. 
As Li* is widely used in the treatment of manic 
depressive disorders (for a recent review, see [14]), a 
detailed knowledge of the cellular actions of this ion 
species seems desirable. 


2. Materials and methods 
2.1. Preparation of single myocytes 


Guinea-pigs (~ 400 g) were killed under deep 
ether anaesthesia by cervical dislocation. Ventricular 
myocytes were isolated at 35°C from the excised 
heart by means of a Langendorff perfusion with 
Ca**-free solutions containing collagenase and pro- 
tease. The procedure has been described in detail 
previously [3,15]. The digested ventricles were cut 
into pieces and carefully stirred at room temperature 
in a small plastic beaker containing a low Ca’*, 
enzyme-free medium. The Ca** concentration of the 
solution was stepwise increased to 1.8 mM within 
about 60 min. Isolated ventricular cells were then 
transferred using a Pasteur pipette to a culture dish 
(diameter, 3.6 cm) installed on the stage of an in- 
verted microscope. 


2.2. Solutions 


Two basic solutions containing either 50 mM (A) 
or 100 mM Na* (B) were used in the patch pipettes 
for intracellular perfusion. Solution A contained 
(mM): 110 caesium aspartate, 40 NaOH, 10 EGTA, 


40 HEPES, 5 MgCl, (free Mg**~=2 mM), 0.15 
CaCl, (free Ca** ~ 10~” M), 5 glucose, 5 MgATP, 5 
sodium creatine phosphate (adjusted to pH 7.3 at 
34°C with HCl). Solution B contained (mM): 100 
sodium aspartate, 10 EGTA, 40 HEPES, 6 MgCl, 
(free Mg** = 3 mM), 0.15 CaCl, (free Ca** = 10°? 
M), 5 glucose, 5 MgATP, 20 tetraethylammonium 
chloride (TEACI; adjusted to pH 7.3 at 34°C with 
NaOH). A medium containing 100 mM Li” instead 
of 100 mM Na™ was obtained by replacing the 
sodium aspartate in solution B with lithium aspartate, 
the other constituents of solution B remained un- 
changed (pH adjusted with LiOH). Finally, a Na“-free 
solution was made from solution B by substituting 
100 mM TEAC! for sodium aspartate. Thus, this 
Na*-free medium contained 120 mM TEAC] plus the 
residual constituents of solution B (pH adjusted to 7.3 
with CsOH). High Na* concentrations of solutions A 
and B were selected in order to reduce the effect on 
the I, amplitude of a possible Na™ depletion beneath 
the cell membrane during strong activation of the 
Na’/K* pump [16]. Solution A was used in the 
experiments if not stated otherwise. The standard 
extracellular superfusion medium contained (mM): 
144 NaCl, 0-5.4 KCl, 0.5 MgCl,, 1.8 CaCl,, 10 
HEPES and 10 glucose (adjusted to pH 7.3 at 34°C 
with NaOH). In order to decrease K* and Ca’* 
conductances and the Na*/Ca’* exchange of the 
sarcolemma, 2 mM BaCl, and 5 mM NiCl, were 
added to the solution. In Na‘-free superfusion media, 
NaCl was replaced either by 150 mM choline chlo- 
ride (plus 5- 10~° M atropine sulphate), by 150 mM 
LiCl (pH of both solutions adjusted to 7.3 with 
LiOH) or by 150 mM _ NJN-methyl-p-glucamine 
(NMDG, pH adjusted to 7.3 with HCl). In Na*-free 
superfusion media containing various Li” concentra- 
tions, [choline] plus [Li*] was always 150 mM. 


2.3. Drugs 


The cardiac glycoside, dihydro-ouabain (DHO; 
Sigma, Deisenhofen, Germany), was used to identify 
I, in cells superfused with Na‘-free solutions. In 
these media, the affinity of the Na*/K~* pump for 
K* increased by a factor of ten and, thus, [K*], in 
the submillimolar range substantially activated I... 
Therefore, DHO was used (instead of a K’*-free 
solution) to check for exact zero I... 











2.4. Experimental procedure and whole-cell record- 
ing 


The experiments were carried out in culture dishes 
containing several hundred isolated, rod-shaped my- 
ocytes. A dish was fixed to the stage of an inverted 
microscope (IM; Zeiss, Oberkochen, Germany). The 
volume of the dishes was reduced to ~0.3 ml by 
means of an annular plastic device, which was pressed 
down to the bottom of the dish. The device included 
an inlet and an outlet for the external media, which 
superfused the myocytes in the dish at > 2 ml/min 
and 34°C. The cell under study was additionally 
superfused with test solutions that were successively 
applied close to the myocyte via a multibarrelled 
pipette (inner tip diameter, ~ 150 wm). A command 
valve unit regulated solution release under gravita- 
tional force from reservoirs that were kept about 30 
cm above the culture dish. The solution change at the 
surface of the cell was complete within 250 ms (cf. 
[3]). The temperature in the immediate vicinity of the 
cell dropped by 1—1.5°C during superfusion with one 
of the test media. The membrane current of the 
myocyte was measured at pre-set membrane poten- 
tials in the whole-cell recording mode of the patch 
clamp technique [17] by means of an Axoclamp 2A 
voltage clamp amplifier (Axon _ Instruments, 
Burlingame, CA, USA). The initial resistance of the 
patch pipettes filled with one of the intracellular 
solutions varied between 2 and 3.5 MQ). Membrane 
current and voltage were recorded on a pen recorder 
(Multicorder; Watanabe, Tokyo, Japan). The holding 
potential was — 20 mV throughout. I, was identified 
as the outward current blocked by K*-free and/or 
DHO-containing solutions. The cell surface area was 
estimated from the capacitive current flowing during 
small hyperpolarizing voltage pulses. The specific 
membrane capacitance was assumed to be | pF 
cm’ (for more details, see [18]). 


2.5. Statistics 


Whenever possible, data are presented as means + 
S.E.M., and S.E.M. is presented in the figures only if 
the size of the symbols is exceeded. The symbol, n, 
indicates the number of cells studied. Differences 
between means were tested by Student’s one-tailed 
t-test. They were deemed significant if P < 0.05. 
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3. Results 


3.1. I, activation by K ~ 


or Li* in Na*-free solu- 
tion. Inhibition of |, by DHO 


Under normal physiological conditions, the 
Na*/K* pump extrudes 3 Na* and takes up 2 K* 
into the cell during each cycle and, thus, I, is an 
outward current. The bottom trace in Fig. 1 shows the 
membrane current (I) of a guinea-pig ventricular 
myocyte superfused with Na‘-free solution at the 
holding potential of —20 mV. The intracellular per- 
fusion medium contained 50 mM Na” (solution A). 
The upper traces specify the solutions applied. First, 
the myocyte was superfused with a K*-free medium 
in which NaCl was completely replaced by choline 
chloride. Active Na*/K*™ transport was strongly in- 
hibited by this solution and, thus, I, was almost 
absent. The addition of 0.2 mM K~ evoked an 
outward current of 130 pA which was partially (82%) 
and reversibly inhibited by 5-10~° M DHO. The 
current was nearly blocked again following reapplica- 
tion of the K*-free, choline-containing solution. This 
current was considered to represent I. Switching to a 
K*-free medium containing 150 mM LiCl instead of 
choline chloride shifted the current once more in the 
outward direction. The application of DHO (5 - 10~° 
or 10°* M) caused a concentration-dependent, re- 
versible inward shift of the current and thus revealed 
the presence of I, under these conditions. The I, 
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Fig. 1. Membrane current of a guinea-pig ventricular myocyte in 
various Na‘-free solutions. The current was measured at the 
holding potential (—20 mV) in media in which NaCl was 
replaced by choline chloride (left) or LiCl (right), as indicated by 
the lines above the current trace. The application of DHO is 
marked by horizontal bars. The lower end of the current calibra- 
tion bar and the broken line indicate zero current level. Mem- 
brane capacitance, 158 pF. 
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inhibition evoked by 5-10~> M DHO amounted to 
86% of the I, blockade under 10° M DHO. In line 
with earlier observations [3,6,12], the experiment 
suggests that Li”, like K*, acts as an extracellular 
activator cation of the cardiac I. 

The current shift upon switching from _ the 
choline-containing to the Li*-containing solution is 
caused by two mechanisms. First, there is an activa- 
tion of the outwardly directed I, by Li”. Secondly, 
there is, at the same time, an inward leak current 
because of a higher membrane permeability for Li* 
than for choline. The net result, compared to the 
current in K*-free, choline-containing medium, can 
be an outward or an inward current shift, depending 
on the relative magnitude of I, and the Li*-leak 
current at —20 mV. In Fig. 1, a small net outward 
shift results when choline is replaced by Li”. Upon 
applying DHO, the holding current shifted inwardly, 
since I, is inhibited. The current level attained with 
1- 10°" M DHO indicates zero I,. 


3.2. Concentration—response curves of I, inhibition 
by DHO in Na“-free media 


The application of various DHO concentrations to 
myocytes in experiments like that illustrated in Fig. | 
resulted in the concentration—response curves of I, 
inhibition by DHO shown in Fig. 2. The figure 
displays the normalized inhibition of I, versus the 
logarithm of the DHO concentration tested. The I, 
inhibition caused by 1 - 10° * M DHO was arbitrarily 
set to 100%. I, amounted to 0.64 + 0.03 wA cm * 
(n = 21) in a choline solution containing 0.2 mM K* 
(@) and to 0.80+ 0.02 pA cm’ (n= 16) in my- 
ocytes superfused with the Na*-, K*-free medium 
containing 150 mM Li* (O). The sigmoid curves 
fitted to the data by least-squares non-linear regres- 
sion obey the Hill equation: 


100 x [DHO]™" 
(Kp) " ¥ [DHO] 





Percentage |, inhibition = 


Ny , 


(la) 


The resulting Hill coefficient (n,,) of 1.08 for both 
curves reflects a one-to-one binding of DHO to the 
Na*/K* pump (cf. [19]). The apparent K ,, value K‘, 
([DHO] for half-maximal [, inhibition) amounted to 
0.8-10-° M DHO in Li*-containing medium and to 


|, inhibition (%) 








‘ Se eee 
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Fig. 2. Concentration—response curves of steady-state I, inhibi- 
tion by DHO in ventricular myocytes at the holding potential of 
—20 mV. I, inhibition caused by | - 10~* M DHO was arbitrar- 
ily set to 100% (Q®). Sigmoid curves fitted to the data points 
obey Eq. la. @, 0.2 mM K<~, Na‘-free medium containing 
choline chloride; Ki, value ([DHO] for half-maximal I, inhibi- 
tion), 1.2-10~°> M DHO (n= 3-8). O, 150 mM Li<; K’p value, 
0.8-10°° M DHO (n=2-6). “, P<0.05 for the difference 
between the data points. r* = 0.99. 


1.2- 10~° M DHO in the choline-containing solution. 
Thus, the concentration—response curve of I, inhibi- 
tion by DHO in Li*-containing medium was (signifi- 
cantly) shifted to the left, although I, was slightly 
larger in the Li*-containing solution. This is surpris- 
ing because a stronger pump activation by a higher 
external activator cation concentration normally in- 
creases the Kj, value for DHO binding [19]. The 
present finding recalls an earlier observation of the 
authors that the inhibition of I, by DHO in rat and 
guinea-pig ventricular cells occurs at somewhat lower 
[DHO] in Na*-containing than in Na*-free, choline- 
containing media, if the activation of I, under both 
conditions is comparable [19]. Therefore, Li” seems 
to promote DHO binding to the Na*/K~* pump in a 
similar way as Na‘. This is also evident from the 
higher rate of I, inhibition by 5 - 10°’ M DHO when 
the current is activated by 150 mM Li instead of 
0.2 mM K° (Fig. 1). Table 1 summarizes the mean 
values of the apparent association and dissociation 
rate constants and the derived K‘, values of DHO 
binding from experiments like that shown in Fig. | 
(see [15] for details of the methodology used). 











Table | 
Kinetics of I, inhibition by DHO in ventricular myocytes 
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[ , activated by: Sak ie ee K,, 10°°M n 
0.2 mM K*~, choline 19+0.3 0.055 + 0.003 * 3.4+0.5* 1] 
150 mM Li* 14407" 0.079 + 0.005 * 12+0.1° 11 





I, was activated either by 0.2 mM K >; (in choline medium) or by 150 mM 5 ie 


k,, apparent association rate constant. 
k,, apparent dissociation rate constant. 


K‘,, mean of apparent K ,, values determined for each cell (k,/k,). 


[DHO] from 1-10~° to 1- 107+ M. 
“ Significant difference ( P < 0.05). 


To rule out a possible effect of choline on the 
dose-response curve, NMDG was also used as a 
Na” substitute, but no difference in the sensitivity of 
the pump towards DHO was found between my- 
ocytes in choline or NMDG-containing solution (data 
not shown). 


3.3. I, activation by various [Li* ], in Na*-contain- 
ing cells 


The concentration dependence of I, activation by 
Li” was studied in some detail in Na*-containing 
myocytes superfused with Na‘-free media at constant 
[Li*], + [choline], (150 mM). The measurements 
were carried out at the holding potential similar to the 
procedure depicted in the left part of Fig. 1. How- 
ever, instead of 0.2 mM K‘~, various [Li*], were 
applied to the myocytes. DHO-containing solutions 
(1-10~* or 1- 10~° M) were used to estimate the ‘ 
amplitude at the various [Li*],. In the presence of 
150 mM Li", the amount of I, blocked by 1 - 10~* 
M DHO amounted to 95% (see Fig. 2). No signifi- 
cant difference between I, determined either with 
1 -10~* or 1- 10°* M DHO was found when [Li*], 
was lower than 100 mM. Therefore, | - 10° * M DHO 
was applied in experiments where [Li*], exceeded 
100 mM. The results are presented in Fig. 3 (@). 
Normalized I, amplitudes were plotted versus [Li ],. 
The pump current density amounted to 0.55 + 0.04 
pA cm~* (n= 21) at 150 mM Li§. This I, density 
was arbitrarily set to 100%. The curve fitted to the 
data represents the Hill equation: 


I fat 
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The fitting procedure yielded a Hill coefficient, n,,, 
of 1.4 and an I,,,,, of 106%. The Ky; value, the 
[Li*], for half-maximal I, activation, was 23 mM. A 
small I, was still observed in the absence of baz. 
[0.021 + 0.006 wA cm? (n= 8); checked with 1 - 
10-* M DHO]. It might be caused by a small amount 
of K* (=~ 10 uM; determined by atomic absorption 
spectrometry) present as an impurity in nominally 
K*-free solutions and was subtracted from the hi, 
densities observed at the various [Li* ],. Experiments 


on four cells internally perfused with solution B (100 
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Fig. 3. I,, activation by Li” in ventricular myocytes containing 
Na* or Li®. I, amplitudes were estimated at —20 mV by the 
application of 1-10~*-1-10~* M DHO. I, activated by 150 
mM Li was arbitrarily set to 100% (®). At this [Li*],, I, 
amounted to 0.55+0.04 wA cm~°* in cells containing 50 mM 
Na* (n= 21) and to 0.33+0.05 wA cm? in myocytes that 
were internally perfused with 100 mM Li* (plus 20 mM TEACI; 
n=10). Ky; value for Na*-containing cells (@), 23 mM Li; 
L max» 106%; ny, 1.4 (n= 8-21), r> = 0.98. Ky; value for 
Li*-containing myocytes (O), 73 mM Li¢; I 137.5%; ta, 
1.4 (n= 5-10); r? > 0.99. 


p,max ? 
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mM Na‘) resulted in the same I, activation by Li}. 
Compared to the activation of I, by Kj in Na’-free, 
choline-containing media under otherwise similar 
conditions [19], Li’ exhibits at least a 100-fold 
weaker potency in activating the cardiac Na*/K* 
pump, and the maximal I, activated by Li tends to 
be smaller than the (maximal) I, evoked by i 
[1.02+0.05 pA cm? (n=30) in a Na*-free 
(choline) medium containing 5.4 mM K“]. 


3.4. I, activation by various [Li~ |, in Li*-contain- 
ing myocytes 


We tested to see if I, activation by Li} differed in 
myocytes internally perfused with 100 mM Li” in- 
stead of 50 (or 100) mM Na”. First, we checked 
whether Li ions actually activate the cardiac Na*/K* 
pump at internal sites. The original records of differ- 
ent cells depicted in Fig. 4 illustrate the test. The 
pump current was activated in a Na‘-free, choline- 
containing solution by | mM K® (indicated by a fast 
upward deflection of the current trace). The upper 
record displays the change of I, when a myocyte was 
internally perfused with a Na‘-free (TEA) pipette 
solution in order to reduce [Na], to zero. I, declined 
rapidly and, 90 s after establishing the whole-cell 
configuration, amounted to < 10% of the initial I, 
amplitude, most probably because of the decline in 
[Na*],. Intracellular perfusion with a Na’-free 
medium containing 100 mM Li* caused a quite 
different time course of I, decline (middle record). 
The I, amplitude measured 90 s after the first I, 
activation still reached = 50% of the initial I, ampli- 
tude. About 2 min later, I, amounted to 41% of the 
current measured at first and remained nearly con- 
stant thereafter for several minutes. For comparison, 
an original record of a cell internally perfused with 
50 mM Na’ (solution A) is also shown (bottom 
record). We conclude from the test that Li* activates 
the cardiac Na*/K~* pump at intracellular sites. 

[, activated by Li” in cells internally perfused 
with Li ions was estimated by applying superfusion 
media containing | - 10~* M DHO. The other experi- 
mental conditions remained the same as those in the 
experiments performed with Na* in the pipette and 
illustrated in Fig. 3 (@). The results are also shown 
in Fig. 3 (O). Normalized I, densities were plotted 
versus [Li*],. The I, density measured at 150 mM 
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Fig. 4. Time course of I, activation by 1 mM K~ in three 
myocytes. Na‘-free (choline chloride) bathing medium was used. 
[,, activation causes a step-like current shift in the outward 
direction. Upper current trace: I, in a cell internally perfused 
with Na*-free solution containing 120 mM TEACI. Membrane 
capacitance, 174 pF. Middle trace: I, in a myocyte that was 
internally perfused with 100 mM Li*. Membrane capacitance, 
120 pF. Interruption of the current trace indicates omission of 
records for the time period stated. Lower trace: I,, in a cell that 
was internally perfused with 50 mM Na*. Membrane capaci- 
tance, 248 pF. Interruption of the current trace indicates omission 
of records for the time period stated. The lower end of the current 
calibration bars marks zero current level. 


Li* amounted to 0.33 + 0.05 wA cm * (n= 10). It 
was arbitrarily set to 100%. The curve fitted to the 
data obeys Eq. (1b), with ny = 1.4, Tmax = 137.5%, 
and a [Li*], for half-maximal I, activation of 73 
mM (K, value; n = 5-10). Again, a small I, was 
present in the nominal absence of K~ and Li~ 
(0.023 + 0.004 pA cm? (n=10); checked with 
1-10°* M DHO). This value of I, was subtracted 
from the I, densities derived for the various mat. 
Compared to the data from Na*-containing cells (@), 
the I, density of myocytes internally perfused with 
Li* (O) is smaller at 150 mM Li? (0.33 versus 0.55 
wA cm ~) and at the other [Li*], tested. Further- 
more, the K,,; value, the [Li*], required for half- 











maximal I, activation, was larger in myocytes con- 
taining 100 mM Li” than in cells intracellularly 
perfused with 50 (or 100) mM Na® (73 versus 23 
mM Li*). 


3.5. Binding of Li; to the Na*/K* pump is vollt- 
age-dependent 


In single cardiac Purkinje cells, I, activation by 
K* and its congeners Tl’, NHj, and Cs? is 
voltage-dependent [4]. Depolarization increases and 
hyperpolarization decreases the extracellular concen- 
tration of activator cations required for half-maximal 
[, activation (Ky; value). This means that hyper- 
polarization of the sarcolemma, at a constant concen- 
tration of an extracellular activator cation, or an 
increase in the ionic concentration at a constant mem- 
brane potential exerts an equivalent activation of I,. 
We tested to see if the I, activation by Li; in 
ventricular myocytes is also voltage-dependent. For 
this purpose, we carried out experiments as illustrated 
in Fig. 5A. The membrane potential of a myocyte 
was clamped to preset values (indicated by the upper 
trace) and the resulting current was measured in 
Na‘-free superfusion fluid containing 50 mM Li~ 
with (right part of the figure) or without (left part) 
DHO (1-10~* M). The cardiac glycoside was used 
to estimate I, as the difference in current. As indi- 
cated by the dashed lines, the DHO-sensitive current 
(AI) is clearly smaller at +20 mV than at —40 mV. 
In this way, I, was measured in media containing 
various [Li” ]. In all solutions, [choline chloride] plus 





Fig. 5. I, activation by Li” is voltage-dependent. I, was esti- 
mated by application of 1-10~* M DHO. Pipette solution B (100 
mM Na” ). (A) Original records of membrane current (bottom 
traces) at various membrane potentials (top traces) in Na*-free 
(choline chloride) solution containing 50 mM Li* with (right 
part) or without DHO. The dashed lines indicate that the inward 
shift of membrane current (AI) caused by DHO is larger at — 40 
mV than at +20 mV. Membrane capacitance, 148 pF. The upper 
end of the current calibration bar marks zero current level. (B) ‘ 
densities as a function of membrane potential at four [Li* ],. 
[Li* ], plus [choline] was 150 mM throughout. m, 10 mM Li? 
(n = 2-9); O, 20 mM Li? (n= 2-6); @, 50 mM Li? (n = 2-9); 
O, 150 mM Li; (n= 2-8). (C) Ko value for I, activation by 
Li~ in myocytes as a function of membrane potential. The curve 
fitted to the data points obeys Eq. 2. Ky value at zero potential 
[oso nvih 24 mM LizsS, 0.22; r* = 083. 
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[LiCl] was 150 mM. Mechanisms different from the 
binding of external activator cations to the Na*/K* 
pump govern the shape of the cardiac I,—V curve at 
membrane potentials that are more negative than 
—40 mV [3,20]. Therefore, only I, densities ob- 
served at more positive potentials were plotted versus 
voltage in Fig. 5B. The data were obtained at four 
[Li*],. Surprisingly, the I, density of the myocytes 
decreased with depolarization, even at 150 mM Li’. 
This is in contrast to the cardiac I ,—V relationship at 
concentrations of K* or of the aforenamed congeners 
above their respective K,. values. Under these con- 
ditions, |, remained constant at potentials that were 
more positive than — 40 mV [4]. As can be seen from 
Fig. 5B, I, also declined at lower [Li*], upon depo- 
larization. A closer inspection of the figure suggests 
that the percentage of I, activated by the three lower 
[Li*], decreased with depolarization. This is more 
clearly seen in Fig. SC where the Li” concentrations 
required for half-maximal I, activation (Ko; values) 
were plotted as a function of the membrane potential 
(for details of the procedure, see [4]). The K,; value 
increased by a factor of 2.5 over the potential range 
studied. The data points were fitted by a curve which 
obeys the exponential function: 


Koscv) = K 9 sv =0 mv)¢XP(SFV /RT) (2) 


where Ky «y) denotes the Ky; value at the membrane 
potential, V; Ky «yo mv) Stands for the K,; value at 
zero potential (24 mM Li~), and R, T and F have 
their usual meanings. Delta (8) influences the steep- 
ness of the function. It represents the fraction of the 
electrical field across the sarcolemma sensed by ex- 
tracellular monovalent ions in the process of binding 
to the Na*/K* pump [21] and was calculated to be 
0.22. Thus, binding of Li” to the cardiac Na*/K* 
pump is voltage-dependent and is facilitated by 
hyperpolarization. 


3.6. Activation of I, in myocytes at various intra- 
cellular [Li* ] 


In order to study quantitatively the activation of I, 
by intracellular Li*, I, was measured at four internal 
Li* concentrations. Each [Li*], was tested in a dif- 
ferent group of myocytes (n = 4—16). The measure- 
ments were carried out at the holding potential of 
—20 mV. The media used for intracellular perfusion 


contained various [Li*], but [LiCl] plus [TEACI] was 
always 120 mM (Na’‘-free solution B). The external 
Na ‘-free (choline chloride) solution contained | mM 
K*. At this [K*],, the extracellular binding sites of 
the cardiac Na*/K* pump for activator cations are 
nearly saturated [3,22]. In addition, a was estimated 
in cells intracellularly perfused with a medium con- 
taining no activator cation of the Na’/K* pump. 
Under these conditions (1 mM K;; 120 mM TEACI 
inside the myocytes), [, amounted to 0.03 + 0.01 pA 
cm~~* (n= 8; checked with 1-10~* M DHO). This 
I, value was subtracted from the I, densities ob- 
served at the various [Li*],. Fig. 6 shows the results. 
The I, density was plotted versus the Li concentra- 
tion of the pipette solution ([Li*],,,). The current 
density increased with increasing [Li*],,, towards a 
maximum value I,,,,, that amounted to 0.54 pA 
cm *, according to the Hill equation fitted to the 
data. Half-maximal I, activation occurred at 36 mM 
Li,. Thus, the maximal I, density was lower (by a 
factor of two) and the K,., value for the activation of 
[, by intracellular Li* was larger (by a factor of 
four) than the corresponding values for I, activation 
by Na; (see ref. [22)). 








[Li*]pip (mM) 


Fig. 6. I, activation by internal Li * in myocytes superfused with 
Na*-free (choline) medium containing 1 mM K 4. I, densities are 
plotted versus [Li* ] of the pipette solution for internal perfusion 
([Li~ ],;,). Four different groups of four—sixteen cells were inter- 
nally perfused at the holding potential with one of the four 
[Li* ],;,- I, was estimated by the application of 1-10~* M DHO. 
The curve fitted to the data points obeys Eq. 1b. 1, max, 0.54 WA 
cm~*; Ky, value, 36 mM Li*.: a, = 3.1; r* = 0.97. 
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3.7. I,—V curves of cells containing Na; or Li; in 
Na*-free solutions 


We studied the I, —V relationship of Na;-contain- 
ing ventricular myocytes superfused with Na‘-free 
media in the membrane potential range between — 100 
mV and +40 mV. Solution B (100 mM Na™) was 
used for the internal perfusion of the cells in order to 
saturate the internal Na *-binding sites of the Na*/K* 
pump and to evoke maximal pump activation intra- 
cellularly. The external Na*-free media contained 
either 150 mM Li* or 1 mM K* (NaCl replaced by 
choline chloride) to also strongly activate the pump at 
the external cation-binding sites of the pump. Mean 
[, densities + S.E.M. as a function of membrane 
potential are shown in Fig. 7. Open squares represent 
the I,—V curve of cells in Na*-, K*-free solution 
containing 150 mM Li* (n= 8-9). Filled squares 
indicate the I,—V relationship of myocytes super- 
fused with Na‘-free (choline chloride) medium con- 
taining | mM K* (n = 6-8). Fig. 7 reveals a positive 
Slope of the I,—V curve at negative membrane poten- 
tials in myocytes superfused with the choline chloride 
solution containing 1 mM K* (@). The curve flat- 
tens at positive potentials. The I —V curve of cells in 
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Fig. 7. I,—V relationships of myocytes internally perfused with 
100 mM Na* (squares) or 100 mM Li” (circles). I,, was 
estimated by the application of 5-10~*-1-10~* M DHO. @, 
@: | mM KZ (n= 6-8); NaCl of the superfusion medium was 
replaced by choline chloride. O, O: 150 mM Li; (n=6-9). 
Both superfusion media were successively applied to the same 
cells containing 100 mM Li* (O, @). *, P< 0.05 for the 
difference between corresponding data points. The positive slope 
of the curves at negative membrane potentials differs signifi- 
cantly from zero. 
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the medium containing 150 mM Li* (O) not only 
shows a positive slope at negative potentials up to 
—40 mV but also a markedly negative slope (signifi- 
cantly different from the slope observed in the choline 
chloride medium containing 1 mM K™) at more 
positive voltages (as already noted in context with 
Fig. 5B). 

I —V relationships of myocytes internally perfused 
with a solution containing 100 mM Li” (circles) and 
superfused either with the K*- and Na*-free medium 
containing 150 mM Li* (O) or the choline chloride 
solution containing 1 mM K* (@) are also depicted 
in Fig. 7. Both media were successively applied to 
the same cells (n = 6-7). As in Na‘-containing my- 
ocytes, the I,—V curve of the cells at | mM x. 
displays a positive slope at negative membrane poten- 
tials. The I,—V relationship of the myocytes in the 
medium containing 150 mM Li™~ exhibits a more 
shallow slope at negative potentials. In these cells, I, 
is nearly voltage-independent at positive membrane 
potentials. In this voltage range, the slopes of the 
I,-V curves in Li*-containing and K*-containing 
solution differ significantly. The results suggest that 
internal perfusion of the cells with a solution contain- 
ing 100 mM Li® instead of 100 mM Na” evokes a 
smaller I. The voltage dependence of I,, at negative 
potentials persists in Na‘-free solution, especially in 
the choline chloride medium containing | mM K”™. 


4. Discussion 
4.1. Activation of cardiac I, by Li; 


The concentration-dependent inhibition by DHO of 
the Li*-activated current (Fig. 1) clearly demon- 
strated that the activated current was indeed I. This 
is in line with earlier reports on Li as an activator 
cation of the cardiac Na*/K* pump current [3,6,12]. 
The data displayed in Fig. 5C indicate that 24 mM 
Li; is required at zero potential for half-maximal I , 
activation in Na‘-containing ventricular myocytes su- 
perfused with Na*-free solution. Under these condi- 
tions, K} exerts an ~ 100-fold stronger I, activation 
[19,22]. I, tends to be smaller in Li *-containing than 
in K*-containing media (Figs. 4 and 7). This finding 
agrees well with earlier Na* efflux measurements on 
frog sartorius muscles in Na‘-free solution contain- 
ing K* or Li* [23]. It also recalls biochemical 
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studies that demonstrated a smaller potency and effi- 
cacy of Li* compared to K* for the activation of the 
Na*/K* ATPase [11,24]. The [Li™], required for 
half-maximal I, activation is larger for cells inter- 
nally perfused with Li* than in Na*-perfused my- 
ocytes (73 versus 23 mM; Fig. 3). Interestingly, the 
K,.; value for the Na*/K* pump activation by K; 
in Na*- and Li*-free media was very much the same 
in myocytes internally perfused either with Na™ or 
Li* (data not shown). Thus, the increased K,; value 
seems to be specific for Li’. Li-induced alterations 
in the transition between the conformational E, P- 
states in the Na~ limb of the Na*/K* pump cycle 
may be involved. 


4.2. I, activation by intracellular Li~ 


According to a recent abstract [6], Li* can replace 
Na* at intracellular binding sites of the cardiac 
Na*/K* pump in the mechanism of I, activation. 
The results described above (Figs. 3, 4, 6 and 7) 
extend these observations. The I, density is lower in 
myocytes internally perfused with media containing 
100 mM Li” instead of 100 mM Na® (Fig. 7). The 
different current densities may be partly due to a 
lower affinity of the pump’s intracellular binding 
sites for Li* (Fig. 6; K,,; value, 36 mM) than for 
Na* (= 10 mM; see [22,25]). Since the difference 
between the I, densities is large, even at high intra- 
cellular [Na*] and [Li*] (comp. Fig. 7), an additional 
factor seems to be involved. This factor may be a 
decreased I, .,,,. Compared to Na*, Li® is a less 
potent and less efficacious activator of ATP hydroly- 
sis by the Na*/K* ATPase in cells [8] and in 
K*-free or K*-containing media [11,26]. Since ATP 
splitting is a prerequisite for ion translocation by the 
Na*/K* pump, it seems reasonable that I... is 
smaller in Li *-containing than in Na ‘-containing my- 
ocytes. Based on notoriously difficult net ion flux 
measurements, a change of the usual 3:2 coupling 
ratio for active Na;"—-K~ exchange to a ratio near or 
equal to 1:1 for the Li,—K exchange in erythro- 
cytes has been suggested [9]. While the [, data 
presented in Fig. 6 clearly show that the coupling 
ratio of active Li,;—K~ exchange must be > 1, they 
do not exclude a ratio different from 3:2. Additional 
experimental evidence is required to prove a change 
in the coupling ratio. 


4.3. 1, activation by Li; is voltage-dependent 


The Ky; value for the activation of I, by Li, is 
voltage-dependent (Fig. 5C). This and other observa- 
tions [2] are interpreted to mean that binding of 
extracellular activator cations to the Na*/K~* pump 
might occur at the bottom of a ‘high field narrow 
access channel’ [27]. About 0.25 of an elementary 
charge traverses the electric field across the sar- 
colemma during the binding of extracellular cations. 
The data illustrated in Fig. 5C are in quantitative 
agreement with these considerations and lend further 
support to the hypothesis that the Na*/K* pump 
molecule contains a channel-like structure. 


4.4. I,—V curves of ventricular myocytes in Na * -free 
media containing K* or Li* 


The persistence of a positive slope in the I,—V 
relationship at negative voltages in Na*-free solu- 
tions is in line with earlier reports on isolated cardiac 
Purkinje cells [3,4] and Xenopus oocytes [28], but is 
at variance with other observations on Xenopus 
oocytes [29,30] and squid axons [21]. These inconsis- 
tent observations are most probably not due to the 
different Na*/K* ATPase isoenzymes expressed in 
various cells. Guinea-pig ventricular myocytes ex- 
press predominantly the a, isoenzyme [31]. How- 
ever, in contrast to the present results, earlier studies 
on these cells revealed only a shallow (if any) voltage 
dependence of I, at negative membrane potentials in 
Na‘-free media [20,32]. The latter findings constitute 
the experimental basis of the generally accepted hy- 
pothesis that voltage-dependent binding of Na* from 
the extracellular solution is an important mechanism 
for the decrease in I, with hyperpolarization in cells 
superfused with Na‘-containing, ‘physiological’ me- 
dia [2,13,30]. The I ,-V relationships shown in Fig. 7 
suggest that this is probably not the only factor 
involved. As can be seen from the figure, the de- 
crease in I, with increasingly more negative poten- 
tials is most pronounced in Na“-free solutions con- 
taining choline chloride, although choline has no 
effect on the cardiac Na*/K* ATPase [5]. 

Another interesting feature of the I,—-V curve of 
Na‘-containing myocytes superfused with Li*-con- 
taining medium is the negative slope that was ob- 
served at positive membrane potentials (Fig. 5B and 
Fig. 7). Such a negative slope is usually thought to be 








caused by voltage-dependent binding of K™ or its 
congeners to the Na*/K* pump. It can be easily 
demonstrated in cells superfused with solutions con- 
taining low (< Ky, value) concentrations of external 
activator cations [1,4,29], but it is absent in cardiac 
cells at nearly saturating concentrations of these ions 
[4]. However, the figures display a negative slope of 
the I,—V relationship at a high Li” concentration 
(= six times the K,,; value at 0 mV) in myocytes 
internally perfused with a saturating [Na‘ ]. Thus, the 
negative slope of the I,—V curves at positive poten- 
tials is probably not due solely to voltage-dependent 
Li”-binding. An additional voltage-sensitive partial 
reaction of the pump cycle probably affects the slope 
of the I,—V relationship under these conditions. 


4.5. Li* transport by the Na*/K* pump in Li*- 
treated patients 


The intracellular Li* concentration in Li*-treated 
patients is normally less than 1.0 mM and is lower 
than expected from a passive distribution across the 
cell membrane [33]. Thus, Li*-transport out of the 
cells occurs against an electrochemical gradient for 
Li*. However, the present study suggests that a large 
active Li” efflux via the Na*/K* pump is not 
performed if Li* acts as a partial agonist at the Na;’- 
and K °-binding sites of the Na*/K* pump. In vivo, 
the physiological activator cations Na; and K~ are 
present at relatively high concentrations. Both cation 
species exhibit a higher apparent affinity than Li* for 
the respective binding sites. Thus, the main Li* 
efflux seems to be mediated by a mechanism that is 
different from that of active Na*/K~* transport. 
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Abstract 


The goal of this study was to examine the mechanisms of transport of y-aminobutyric acid (GABA) in the choroid 
plexus. Choroid plexus slices from the rabbit were depleted of ATP with 2,4-dinitrophenol. GABA accumulated in the 
choroid plexus slices in a concentrative manner in the presence of an inwardly-directed Na* gradient. Uptake occurred in 
the presence of Cl ; replacement of Cl” with gluconate abolished uptake. SCN’, NO; or Br were able to support uptake 
in the absence of Cl” to a significant extent (80, 68 and 61% of control, respectively). GABA uptake was saturable (K,, of 
37+ 8.5 uM, V,,,, of 409 + 43 nmol/g/min). Na‘-driven GABA uptake was inhibited by B-alanine (IC;, = 22.9 wM) 
and hypotaurine (IC, = 21.9 jM) but less potently by nipecotic acid (IC,, = 244 wM) and hydroxy-nipecotic acid 
(IC, = 284 wM). Betaine, L-(2,4)-diaminobutyric acid, guvacine and 4,5,6,7-tetrahydroisoxazolo[4,5-c]pyridin-3-ol were 
weak inhibitors (IC. > 500 ~M). GABA inhibited Na*-driven uptake of taurine (IC, = 230 M); taurine, however, did 
not inhibit GABA uptake (IC,, > 1 mM). RT—PCR, using degenerate primers for cloned GABA transporters, did not result 
in the amplification of a band from rat choroid plexus RNA. The location of the choroid plexus in the ventricles of the 
brain, and its role in the secretion of the cerebrospinal fluid, suggest a role for the choroid plexus Na*-GABA transporter in 
the disposition of GABA in the brain. © 1997 Elsevier Science B.V. 
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1. Introduction 


y-Aminobutyric acid (GABA) is a_neurotrans- 
mitter amino acid which is found throughout the 
central nervous system of vertebrates, formed in neu- 
ronal cells by the decarboxylation of glutamic acid 
and further metabolized by GABA-a-keto-glutarate 
transaminase. Upon release into the synaptic cleft, 
GABA binds to post-synaptic GABA, receptors and 
elicits a neuroinhibitory response by activating Cl~ 
channels. Na" and Cl -coupled GABA transporters 
terminate the actions of GABA by mediating its rapid 
removal from the synapse. Previously, it was pro- 
posed that there were two types of GABA trans- 
porters based on their different sensitivity to B-alanine 
[1,2]. The recent cloning and heterologous expression 
of GABA transporters has made it clear that multiple 
subtypes of this transporter exist, and that these can 
be differentiated on the basis of pharmacological 
sensitivities to GABA transport inhibitors [3—7]. 

Studies of GABA transport have focused on neu- 
ronal and glial cells [1,2,8,9]. In addition, GABA 
transport has been described in the epithelia of the 
retina [10], stomach [11], duodenum [12], kidney [13] 
and oviduct [14], although the significance of these 
processes is generally less clear. The choroid plexus 
epithelium, which secretes the cerebrospinal fluid 
(CSF), is a major site for transport mechanisms into 
and out of the brain via the ventricles of the brain 
[15-17]. The location of the choroid plexus within 
the ventricles of the brain and its production of the 
CSF suggest a physiological role for the choroid 
plexus in maintaining the protected milieu of the 
brain. A previous study, in vivo, suggested bi-direc- 
tional transport of GABA between the CSF and 
blood; the transport of GABA from the CSF to blood 
was inhibited by probenecid (an inhibitor of the 
organic anion transporter) [18]. In addition, an early, 
preliminary in vitro study reported saturable uptake 
of GABA in the choroid plexus of the cat [19]; 
however, the mechanisms of the uptake were not 
characterized. 

The goal of this study was to determine the mecha- 
nisms of GABA transport in the choroid plexus. Our 
data provide the first evidence for a Na *-dependent 
GABA transporter in the choroid plexus. The choroid 
plexus is increasingly being recognized as a target 
tissue for hormones [20] and neurotransmitters [21]. 
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The GABA transporter in the choroid plexus may 
play a role in CSF production or in maintaining 
homeostasis of GABA in the CSF and ultimately in 
the extracellular fluids of the brain. 


2. Methods 
2.1. Preparation of ATP-depleted choroid plexus 


Choroid plexus was obtained from brains of New 
Zealand White rabbits and depleted of ATP using a 
modification of the method of Carter-Su and Kim- 
mich [22] that has been described previously [23-25]. 
The animals were anesthetized with ketamine (5 
mg/kg) and decapitated. The choroid plexus was 
quickly removed from the lateral ventricles and placed 
in one of the following buffers at room temperature 
(mM): KCI (120), mannitol (40), and HEPES (25) or 
NaCl (120), mannitol (40), and HEPES (25); the pH 
of each buffer was adjusted to 7.4 with 1 M Tris. 
Each choroid plexus was cut into 2—3-mm pieces and 
depleted of ATP by placing them in appropriate 
pre-loading buffers containing 250 wM 2,4-dinitro- 
phenol (DNP), for 20 min at 37°C. Following ATP- 
depletion, all tissue pieces in the DNP-containing 
buffer were stored on ice until the start of the uptake 
studies. The tissue pieces were removed from the 
pre-loading buffer and blotted gently on laboratory 
tissue. Uptake commenced with placing the pieces in 
the appropriate uptake medium. 


2.2. Uptake studies 


Uptake of GABA into the choroid plexus was 
studied by incubating the tissue in 140 wl of uptake 
medium (37°C), which contained [7H]JGABA (0.01 
wM), ['*C]mannitol (17.9 wM) and unlabeled GABA 
(1 M), in appropriate buffer (indicated in the figure 
legends). The uptake medium contained DNP (250 
y.M) to ensure continued depletion of ATP. Uptake 
in the presence of Na~ increased linearly and repro- 
ducibly with time, until 2.5 min (Fig. 1). Therefore, 
uptake was determined at | min in all subsequent 
studies. 

For Michaelis—Menten studies, the uptake medium 
contained [7H]GABA and ['*C]mannitol and different 
amounts of unlabeled GABA (to obtain the indicated 
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GABA concentrations). For IC., studies, the uptake 
medium consisted of [*>H]GABA, ['*C]mannitol, un- 
labeled GABA (1 wM) and different amounts of 
unlabeled compounds. Data for both Michaelis— 
Menten and inhibition studies were generated by 
measuring GABA uptake into the tissue at 1 min. 

Uptake was terminated in each choroid plexus 
tissue piece by removing it from the uptake medium 
and blotting it gently on laboratory tissue. Prelimi- 
nary experiments showed that rinsing tissue in ice 
cold buffer versus blotting on laboratory tissue had 
equal effect in stopping the uptake reaction. The 
blotted tissue piece was placed on a pre-weighed 
piece of aluminum foil, dried under an IR-lamp 
heater (approximately 15 cm away from tissue) for | 
h, and then weighed to calculate the net dry tissue 
weight. The tissue was carefully detached from the 
foil using forceps and digested in 50 wl of 3 M KOH 
solution in a liquid scintillation counting vial. After 
dissolution was complete, 50 wl of 3 M HCI solution 
was added to neutralize the KOH. The corresponding 
aluminum foil was then added to the vials and the 
tissue-associated radioactivity was determined by liq- 
uid scintillation. In addition, the uptake medium (50 
1) was sampled and added to separate vials for 
liquid scintillation counting. Quantitation of '*C and 
3H was done by dual isotope liquid scintillation 
counting on a Beckman Model 1801 liquid scintilla- 
tion counter (Beckman Instruments, Fullerton, CA). 
Counting efficiency of *H ranged from 45% to 47% 
and that of '*C ranged from 92% to 94%. 

Uptake of taurine into the choroid plexus pieces 
was examined in a manner identical to GABA except 
that, in this case, the uptake medium contained 
[*H]taurine (0.0391 4M), ['*C]mannitol (17.9 1M) 
and different amounts of GABA. Taurine uptake into 
the tissue was measured at 15 min [24]. 


2.3. Reverse transcriptase—polymerase chain reac- 
tion (RT-PCR) 


Specific oligonucleotide primers corresponding to 
nucleotides 242-276 and 1108-1139 of GAT- 
3/GAT-B were synthesized (UCSF Biomolecular 
Resource Center); the sequences were: sense, ACAA- 
GAACGGCGGAGGGGCATTCCTGATTCCTTA 
and antisense, ATGAAAGCCAGTCCAGGACCT- 
GATTCTGCCA. Degenerate oligonucleotide primers, 


previously described [5], corresponding to transmem- 
brane domains II and VI of GAT-1 protein, were 
synthesized (UCSF Biomolecular Resource Center); 
the sequences were: sense, CCGCTCGAGAA- 
GAACGG(C/T)GG(C /T)GG(C/T)GC(C /T)TTC- 
(C/T)T(G/A)AT(C/T)CC(A/G)TA and _anti- 
sense, GCTCTAGAAA(G/A)AAGATCTG 
(G/A)GT(G/T)GC(G/AJGC(G/ A)TCAG /A/C)A 
(G/T)CCA. RNA was isolated from rat choroid 
plexus and rat brain using Trizol® reagent, according 
to the manufacturer’s protocol. cDNA was generated 
from the RNA using a SuperScript™ preamplification 
kit (GIBCO-BRL). Polymerase chain reaction was 
performed with the cDNAs and _ oligonucleotide 
primers, using Taq DNA-polymerase (Boehringer 
Mannheim). Briefly, denaturation was performed for 
3 min at 94°C; followed by 40 cycles each of 30 s at 
94°C, 30 s at 55°C and 30 s at 72°C. Finally, 2 cycles 
were performed at 72°C for 7 min. 


2.4. Data analysis 


The uptake of GABA into the choroid plexus is 
expressed as a volume of distribution (V,, ml/g dry 
tissue), calculated from the following equation 
[23,24]: 

Vi 


dpm[*H]GABA in choroid plexus /g of choroid plexus 





a dpm[*H]GABA in uptake medium /ml of uptake medium 


dpm['*C]mannitol in choroid plexus /g of choroid plexus 





i dpm['*C]mannitol choroid plexus /ml of uptake medium 
(1) 


For Michaelis—Menten studies, the initial rate of 
GABA uptake is expressed as nmol/g dry choroid 
plexus tissue per minute and plotted against the con- 
centration of GABA. The data were fit to the follow- 
ing equation: 

Rate = Max” © (2) 
E+ 


m 


where V_.. is the maximal rate of uptake, K,, is 
concentration of GABA at which the rate of uptake is 
50% of the maximal rate and C is the concentration 
of GABA in the uptake medium. The parameters 
were estimated using a non-linear regression program 
on Minim 3.0.8° (obtained from Dr. R.D. Purves, 


University of Otago, New Zealand). 











Inhibition of Na*-GABA uptake by various test 
compounds was evaluated by estimation of IC, val- 
ues: the data were fit to the following four-parameter 


logistic function using a non-linear fitting routine on 
Minim 3.0.8: 


( Va.o ce Viius? 


Vi si n 5 foe (3) 
1+ (C/IC 59) 





where V, is the volume of distribution of GABA in 
the choroid plexus; V,;, is the volume of distribution 
of GABA in the absence of inhibitor and in the 
presence of an inwardly directed Na‘-gradient; V,,,.. 
the non-specific diffusional component, is the volume 
of distribution of GABA in the absence of a Na* 
gradient; C is the concentration of inhibitor in the 
uptake mixture; and n is the Hill coefficient. The 
IC, of GABA in inhibiting Na*-stimulated taurine 
uptake was computed in a manner similar to that 
described for GABA. 

For each data point, 3-5 measurements were made 
per experiment; between one and five experiments 
were performed (see figure legends). Data are pre- 
sented as mean + SE of all determinations. All pa- 
rameter estimates (Michaelis—Menten and IC., stud- 
ies), which were generated using non-linear regres- 
sion (Minim 3.0.8), are expressed as mean + SD of 
the estimates. Means were compared using unpaired 
Student’s f-test or one-way ANOVA and a probabil- 
ity, P, of less than 0.05 was considered significant. 


2.5. Materials 


[?H]Taurine (specific activity: 21.9 Ci/mmol) and 
[>H]IGABA (specific activity: 88.4 Ci/mmol) were 
obtained from Du Pont—New England Nuclear (Bos- 
ton, MA). ['*C]Mannitol was obtained from Moravek 
Biochemicals (Brea, CA). Guvacine, nipecotic acid, 
OH-nipecotic acid (hydroxy-nipecotic acid) and 
4,5,6,7-tetrahydroisoxazolo[4,5-c]pyridin-3-ol 
(THPO) were from RBI (Natick, MA). All other 
chemicals were purchased from Sigma (St. Louis, 
MO). Cytoscint ES scintillation fluid was obtained 
from ICN (Irvine, CA). New Zealand white rabbits 
(2-3 kg) were purchased from Nitabell Rabbitry 
(Hayward, CA). 
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3. Results 


3.1. Time dependence 


Uptake of GABA into ATP-depleted tissue pieces 
was examined in the presence and absence of an 
inwardly-directed Na* gradient (Fig. 1). A distinct 
‘‘overshoot’’ phenomenon, typical of Na*-driven up- 
take in ATP-depleted tissue preparations, was ob- 
served in the presence of an initial Na* gradient. 
Uptake in the presence of the Na* gradient increased 
linearly as a function of time, until 2.5 min. It 
reached a maximum at 15 min (V, = 27.7 + 2.9 ml/g) 
and then declined at 30 min (V, = 8.58 + 2.01 ml/g). 
Uptake at 30 min was not significantly different from 
that at 60 min, suggesting that an equilibrium value 
of uptake was reached by 30 min. 

GABA uptake in the presence of an inwardly-di- 
rected Na* gradient was significantly higher than 
that when Na~ was present in equal concentration 
inside and outside the tissue (120 mM), at all time 
points studied (Fig. 1). In addition, absence of Na* 
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Fig. 1. Temporal profile of GABA accumulation in ATP-depleted 
rabbit choroid plexus. Uptake (expressed as V,) of GABA was 
determined at 37°C. Points represent means + SE of data obtained 
from two separate experiments, each performed in quadruplicate. 
Uptake at all time points in the presence of a Na*-gradient was 
significantly greater than that in the absence of Na‘ and the 
absence of a Na’ gradient (P< 0.001). Key: 120 mM 
inwardly-directed Na* gradient (filled circles); 120 mM equal 
K* inside and outside of the tissue (open circles); 120 mM equal 
Na” inside and outside of the tissue (open diamonds). 
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from the reaction mixture (equal K~ inside and out- 
side, 120 mM) resulted in an uptake that was not 
significantly different from that when equal Na* was 
present inside and outside the tissue, at all time points 
studied. These data suggest that a Na*-gradient can 
drive the uptake of GABA in the choroid plexus. 


3.2. lon dependence 


Replacement of Na* with choline in the uptake 
mixture abolished GABA uptake (5.08 + 0.58 vs. 
0.17 + 0.05 ml/g, mean + SE, P < 0.001) indicating 
a strong Na*-dependence. Replacement of Cl” with 
SCN~, NO; or Br’ resulted in a partial attenuation 
of transport which was, however, insignificant (80, 
68 and 61% of control uptake, respectively) (Table 
1). When gluconate was used as the anion in place of 
Cl~, there was a complete loss of Na*-dependent 
GABA uptake (5.08 + 0.58 vs —0.04+0.04 ml/g, 
mean +SE, P<0.001). These results suggest a 
moderately selective anion requirement for Na‘— 
GABA transport in the rabbit choroid plexus. 


3.3. Concentration dependence 


The initial rate of uptake of GABA (at | min) was 
measured as a function of concentration in the pres- 
ence of an inwardly-directed Na* gradient. The rate 
of uptake increased initially with increasing substrate 
concentration and then achieved a plateau in a man- 
ner consistent with saturable kinetics (Fig. 2). The 
data were fitted to the Michaelis-Menten equation 
describing a single saturable component. The esti- 
mated V... and K,, (mean+SD) were 409 + 43 


max 


nmol/g per min and 37 +9 pM, respectively. The 


Table | 
Ion-dependence of GABA uptake 
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Fig. 2. Concentration dependency of Na*-driven GABA uptake 
in ATP-depleted choroid plexus. Uptake at 1 min in nmol/g 
tissue was measured at 37°C in the presence of a Na™ gradient 
(120 mM). Points represent the mean+SE of between | to 3 
experiments, each performed in triplicate or quadruplicate. GABA 
uptakes at the four highest substrate concentrations were not 
significantly different from each other (P = 0.741, ANOVA). 
The estimated V,,,, and K,, were 409+ 43 nmol/g per min and 


max 


37+9 uM, respectively (mean + SD). 


uptake values at the 4 highest GABA concentrations 
were not significantly different from each other 
(ANOVA, P = 0.741), indicating that a non-saturable 
component was not a major component of GABA 
transport into the tissue. Hence, a linear term was not 
included in the equation used to fit the data. 


3.4. Inhibition 


Various compounds previously shown to inhibit 
GABA transport in other tissue were tested for their 
ability to inhibit GABA transport in choroid plexus 





Condition V, of GABA (ml/g) 


% of control 


P value compared to control 





Na*, Cl” (control) 
Na*, SCN~ 

Na*, NO; 

Na’, Br~ 

Na*, Gluconate™ 
Choline*, Cl~ 


5.08 + 0.58 (2) 
4.06 + 0.28 (2) 
3.49 + 0.35 (2) 
3.13 + 0.67 (1) 
—0.04 + 0.04 (2) 
0.17 + 0.05 (2) 


100 


n.s. 
n.s. 
n.s. 
< 0.001 
< 0.001 





ATP-depleted choroid plexus pieces were pre-incubated in choline Cl (120 mM), KCI (40 mM) and HEPES (15 mM) pH 7.4. For uptake 
studies, tissue was incubated with [*H]GABA in either buffer containing NaCl (120 mM), KCI (40 mM) and HEPES (15 mM) pH 7.4, or 
in buffers which were identical except for equimolar replacement of Cl~ with SCN, NO;, Br or gluconate, or in which Na* was 
replaced with choline*. Data represent mean + SE of uptake (determined at 1 min); the number of experiments are indicated in 
parentheses. Each experiment was performed in replicates of five; n.s. denotes not significant. 
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Fig. 3. Effect of various inhibitors on Na*-driven GABA uptake 
in ATP-depleted choroid plexus tissue. Uptake (ml/g) of GABA 
(1 uM) was measured at 37°C in the presence of various 
concentrations (0, 25, 100, 300, 500 and 1000 M) of unlabeled 
compounds. Key: B-Ala, 6-Alanine; HyT, hypotaurine; NA, 
nipecotic acid; OH-NA, hydroxy-nipecotic acid. Points represent 
mean+SE of between | and 4 experiments, each performed in 
quadruplicate. Where error bars are not visible, they are encom- 
passed within the point. Points are connected by a simple linear 
spline. See Table 1 for a summary of these and other results. 


tissue pieces. All potential compounds were tested at 
various concentrations (0, 25, 100, 300, 500 and 1000 
wM), and IC., values (mean + SD) were obtained 








Table 2 

Inhibitor sensitivity of GABA uptake in rabbit choroid plexus 
Inhibitor IC 55 (uM) K, (uM) 
8-Alanine 22.9+ 18.1 te 2175 
Hypotaurine 219+ 17.3 21.2+16.7 
Nipecotic acid 244+ 113 236+ 109 
OH-Nipecotic acid 284+ 128 275 + 124 
Guvacine 565 + 208 547 +201 
THPO >1mM >1mM 
L-DABA > 1mM > 1 mM 
Taurine >1mM >1mM 
Betaine >1mM > 1 mM 
L-Alanine >1mM >1mM 





For IC, estimates, the Na *-driven uptake (1 min) of [SH]IGABA 
was measured in the presence of various inhibitors. Each in- 
hibitor was tested at 0, 25, 100, 300, 500 ~M and | mM. Uptake 
values, which were corrected for non-specific Na ‘-independent 
uptake, were pooled from between |—5 experiments and fitted to 
the equation as described in Section 2. Each experiment was 
performed in quadruplicate. IC;, and K, values are the mean + 
SD of the estimate; Fig. 3 depicts some of the data. To allow 
comparison with other studies, K,; values were generated from 
IC, determinations using the Cheng and Prusoff relationship 
[41], which assumes competitive inhibition: K; =IC5, /(1+ S), 
where S = concentration of GABA/K,, of GABA. 
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Fig. 4. Effect of GABA on Na“-driven taurine uptake in ATP-de- 
pleted choroid plexus tissue. Uptake (ml/g) of taurine 25 ~M) 
was measured at 37°C in the presence of various concentrations 
(25, 50, 100, 250, 500, 1000, 2000 and 5000 tM) of unlabeled 
GABA. Points represent mean+ SE of 1 experiment, performed 
in quadruplicate. The curve represents the best fit to the data and 
was generated using the equation for IC5, (see Section 2). The 
IC 5, was estimated to be 230 pM. 


(Fig. 3, Table 2). Hypotaurine (IC, = 21.9 + 17.3 
wM) and B-alanine (IC, = 22.9 + 18.1 uM) were 
potent inhibitors of Na‘-driven GABA uptake in 
choroid plexus tissue pieces. Nipecotic Acid (IC 5. = 
244 + 113 M) and OH-nipecotic acid (IC, = 284 
+ 128 ~M) were moderately potent in their ability to 
inhibit Na‘-driven GABA uptake. Betaine, L-(2,4)- 
diaminobutyric acid (L-DABA), guvacine and THPO 
showed weak inhibitory activity, with IC;,values of 
> 1 mM. Neither taurine nor L-alanine, an isomer of 
B-alanine, significantly inhibited GABA uptake (IC <, 
> 1 mM). 

The effect of GABA on the Na*-dependent uptake 
of taurine (25 M) into the tissue pieces was deter- 
mined at 15 min. GABA inhibited taurine uptake 
with an IC. value of 230 wM (Fig. 4). Since an 
inhibitor may not necessarily be a substrate of the 
transporter, further studies are required to determine 
if GABA is a substrate of the Na‘-taurine transporter 
in choroid plexus. 


3.5. RT-PCR 


RT-PCR with primers specific to GAT-3, resulted 
in the amplification of a band of predicted size from 
the rat brain but not from the choroid plexus (data not 
shown). Identical results were obtained using primers 


degenerate for GAT-1, which were designed to am- 
plify both GAT-1 and GAT-3 (data not shown). 
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4. Discussion 


GABA is the dominant inhibitory neurotransmitter 
in the brain and is present throughout the central 
nervous system. The neurotransmitter actions of 
GABA in the synaptic cleft are terminated by its 
reuptake via Na* and Cl” coupled transporters; both 
neuronal and glial cells express one or more members 
of this closely related family of transporters [3—7]. 
Imbalances in GABA function in the brain have been 
associated with psychiatric [26] and neurological dis- 
eases [27,28]. Studies with post-mortem human brains 
suggest that an increased level of expression of GABA 
transporters may be involved in schizophrenia [29]. In 
various species, including humans [30], GABA trans- 
porters have been implicated in epilepsy and are an 
active target of drug design efforts for the disease 
[31-35]. Inhibitors of GABA transporters have 
demonstrated usefulness in animal models of seizures 
[36-38] presumably by sustaining the concentration 
of GABA in the synaptic cleft. Our finding of a 
GABA transporter in the choroid plexus of the brain 
suggests an additional mechanism that may govern 
the disposition of GABA in the brain. 

In vivo studies suggest that the transfer of GABA 
from blood to the CSF and the disposition of GABA 
in the CSF is governed by a carrier-mediated process 
[18]. An early, preliminary study reported saturable 
uptake of GABA in the choroid plexus of the cat [19]. 
However, neither the driving force for GABA trans- 
port in the choroid plexus nor the specificity of the 
observed transport process was determined. Here, we 
provide evidence for a Na*-dependent GABA trans- 
porter (CP—GABA transporter) in the choroid plexus 
of the rabbit brain. Following ATP-depletion of the 
tissue, we determined that GABA uptake was driven 
by an initial inwardly-directed Na *-gradient (Fig. 1). 
This Na‘-gradient-dependent uptake is characteristic 
of concentrative accumulation of a substrate by the 
tissue, and it is similar to that seen for GABA uptake 
in other tissue. As with other GABA transporters, 
Cl~™ supported GABA transport optimally; replace- 
ment of Cl” with gluconate completely abolished 
transport. However, SCN’, NO; and Br’ were also 
able to sustain GABA transport, suggesting that Cl~ 
is not absolutely necessary for GABA transport in the 
choroid plexus. Similar results have been obtained for 
Na*-GABA transport in the retina [10]. In contrast, 


while Cl” replacement has been less well studied for 
the Na*-GABA transporters in the brain, they gener- 
ally show a strong requirement for Cl” and in some 
cases Br [3,4,6]. These results suggest that the 
CP—GABA transporter may be similar to the GABA 
transporter in the retina. In this study, the estimated 
K,, (3748 pM) indicates that the affinity of the 
GABA transporter in the choroid plexus for GABA is 
similar to that of other GABA transporters in the 
brain [3,4,6,7] and other tissues [10,13,14]. We note 
that the K,, for GABA reported by Lorenzo (K,, = 
230 wM) in the cat choroid plexus is considerably 
higher than the one we obtained in this study [19]. 
The reason for this discrepancy is not clear; it is 
possible that it results from methodological or species 
differences. 

To determine the selectivity of the CP—GABA 
transporter, we examined the potency of various com- 
pounds known to inhibit GABA transport in other 
tissues. Of the compounds tested, B-alanine (IC., = 
22.9 pM) and hypotaurine (IC, = 21.9 wM) were 
the most potent, whereas L-DABA and betaine were 
not able to effectively inhibit Na*-driven GABA 
transport in choroid plexus. These data suggest that 
the CP—GABA transporter is most similar to GAT- 
3 /GAT-B, which is sensitive to B-alanine but insen- 
sitive to L-DABA (GAT-1 is insensitive to B-alanine 
and GAT-2 is sensitive to L-DABA). However, the 
anion requirements (Table 1) suggest that there may 
be functional differences in the two transporters. 
Finally, the choroid plexus transporter is also differ- 
ent from the GABA-transporting renal epithelial 
transporter, BGT, by virtue of its refractoriness to 
betaine. 

Because hypotaurine and f-alanine, both potent 
inhibitors of Na*-GABA uptake in the rabbit choroid 
plexus, also inhibit taurine uptake via the Na *-taurine 
transporter in the choroid plexus, we asked if both 
uptake processes were mediated via the same trans- 
porter. The finding that GABA inhibits the uptake of 
taurine (Fig. 4, IC, = 230 2M), but taurine does not 
inhibit GABA uptake significantly (Table 2), sug- 
gests that the Na*-GABA transporter, which we have 
characterized in the choroid plexus, is distinct from 
the Na*-taurine transporter. 

RT-PCR of rat brain RNA using oligonucleotide 
probes degenerate for the rat GAT-1 [5] resulted in 
amplification of a band of predicted size (data not 











shown). Similarly probes specific for GAT-3 /GAT-B 
resulted in the amplification of the predicted band 
(data not shown). We did not observe amplification 
of corresponding bands, with either set of probes, 
when RNA from rat choroid plexus was used. These 
data suggest that the rat choroid plexus may not 
express a GABA transporter similar to GAT-1 or 
GAT-3 /GAT-B. However, alternative RT-PCR con- 
ditions may be necessary to identify GAT-1 or GAT-3 
mRNA transcripts in the choroid plexus. 

The presence of a GABA, receptor in the choroid 
plexus epithelium of the rat has been documented 
[39]; in vivo studies indicate that benzodiazepine 
ligands reduce the secretion rate of the CSF by up to 
50% [40]. The concomitant presence of a GABA 
transporter is consistent with the suggested involve- 
ment of GABA-ergic mechanisms in modulation of 
CSF production. Furthermore, the transporter for 
GABA in the choroid plexus may play a role in 
maintaining homeostasis of GABA in the CSF, and 
ultimately the brain. Such a transporter may also be 
important in the targeting of GABA analogs to the 
central nervous system. 
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